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PREFACE 


That the nineteenth century, especially its s^nd half, wit- 
nessed a Scientific Renascence of the most astonishing kind, the 
results of which have profoundly affected modem civilization, is a 
fact of such deep significance that it cannot be too often repeated. 
The foundations,, of, Science were indeed laid long before this 
epoch, and one branch at least — Astronomy — ^had already attained 
a prominent position. . But such subjects as Geology, Chemistry, 
and Physics, together with the severd departments of Biology, 
were all in a more or less rudimentary condition at the dose of 
the eighteenth century. Many* causes combined have led to the 
rapid growth of scientific knowledge, but probably the most potent 
factor is to be found in the ^eory of Evolution, in the form 
advanced by Charles Darwin and Alfred Russel Wallace just 
fifty years ago, which* revolutionized our ideas of life and living 
beings, much as Lyell’s geological work, based on that of Hutton, 
had previously superseded the views then current regarding the 
relations between the past and present physical features of the 
globe. . Furthermore,' evolutionary ide^ have now permeated all 
regions ^ human thought and research, and are daily applied 
to such diverse subjects as philology, literature, history, political 
economy, socidtogy, and theology, always, be it remarked, with 
the most fruitful results. 

The material outcome of a century's scientific * advance * is 

remarkable botb m quality and quantity. To get back from 

present-day conditions to those of the early nineteenth cehtury 
by elimina^n of scientific applications, could this be done afi of a 
sudden, would deprive us. of innumerable things which most of..,us 

how reg[ard Sl^ matters pf 'cntirse. A wav wmiM om all mnans nf 
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be sai% cii^ed\Tbc»e iind«rgt^ 
have their chanee V dUre eensiderably 
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have their chaoee « dUre eonsiderabljr dminished, especially ie 
suigical cases, for ok absence of aseptic precautions and anass4 
thedcs would prevent anything being done for ailments which now 
lead to' comparatively Htde mortality, appendicitis and other 
lesions involving abdominal section. The streets would be but 
dimly lighted, photographs and countless other things would 
vanish from the shops, most of the colours that minister to the 
sense of beauty would disappear from textiles and the like, while 
the army and navy would scarcely know themselvea Muzzle- 
loaders for Lee-£nfields, smooth-bores for rifled cannons. Victories 
for Dreadnoughts\ 

The object of this work is to give a connected and, as far as 
possible, non-technical sketch of the present position and outlook 
of natural science, with especial reference to its influence on 
modern life. It is believed that many will welcome an attempt 
to present the matter with a certain amount of “perspective”. 
To the lay reader most will be either new, or placed in a new 
light The specialist is asked to forgive the — for him — common- 
places in his own subject, and to, turn to sections with which he 
is less familiar. 


The work is in no sense a textbook, nor is it intended as such, 
and in some cases a little elementary knowledge is assumed, 
though the manner of treatment of most subjects will render even 
this modicum of previous knowledge not an essential for intelli- 
gent comprehension of the subject. 

The scheme adopted is an evolutionary one, and renders 
possible a fairly logical order of subjects. We naturally beg^n 
with .Astronomy, which deals widi the globe as an infinitesimal 
speck iU an evolving universe, the careful study of which throws 
some light on its mode of origin. The story of our earth is then 
continued in the section on Geology, which explains the past by 
the present, and traces in some detail the long series of g^radual 
changes which have resulted in the existing distribution of land 
and water. Some matters of practical importance, such as the 
origin of coal and rock-salt, also receive attention. 
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products, the winning of metals from their or^ i \ ^ . 

mandes, and explosives are among the selected top^ < . 

Next follows a section on PhysicS) treating of the fon^ at 
man’s disposal, and their applications. The leading foctS ',;iiiid 
theories of Sound, Light, Heat, and Electricity are all taken into 
account, and many industrial matters are fully di^ssed. It 
suffice to mention telegraphy, telephony, and photography. 

The complex problems presented by life and living matter 
occupy a considet^ible space, under several headings Some 
general principles are first considered in a short section on 
General Biology, which is followed by a longer one on Botany. 
This deals with modem aspects of the subject, such as the complex 
relations between plants and their surroundings (oecolog^), and the 
broad outlines of plant evolution (phylogeny). Extinct forms are 
considered as well as those now existing, for without them many 
problems regarding the origin of vegetable groups would be hope- 
lessly insoluble. An outline of*plant distribution is appended. A 
section on Zoology, treating animals in similar fashion, succeeds. 

Under the headings of Botany and Zoology enough of the 
ancient life-history of the earth is given to supply an elementary 
idea of the succession of forms in sea and on land which existed 
during the series of conditions described under Geology. 

Some of the applications of biology are allud^ to in both the 
botanical and zoological sections, but certain matters jure reserved 
for further treSftment. 

A distinct section, for instance, is given to Fisheries, in which 
active scientific work is going on in the United States, Germany, 
and Norway, while something is being done in Britain, though 
government support is at present meagre. 

‘ ^Agriculture, again, which is largely the application of natural 
science to the raising of crops and stock, occupies a distinct se^ion. 
This takes the fonn of a historical survey, setting forth the leading 
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factors of progress at different epochs. The importance of 
sciefttific research in relation to agriculture is fully appreciated 
by the United States, Germany, Denmark, and Holland; Britain, 
once more, is far behind, though there are signs of a somewhat 
tardy awakening to the national importance of original investiga- 
tions having a bearing on agriculture. 

A short section on Philosophical Biology helps to round 
off the botanical and zoological sketches, by dealing with the 
evolution theory and its corollaries. Its bearings upon such 
departments of study as sociology are also indicated. 

Man in health and disease is considered in the section on 
Physiology and Medicine, which lays stress on the powerful 
weapons for the prevention or cure of maladies which modern 
science has placed at the disposal of surgery and medicine. In 
this direction Britain can so far challenge comparison with other 
countries. 

The succeeding section on Anthropology deals with the 
human species as contrasted with the individual man. The 
evolution of civilization in various directions is outlined, and some 
account is given of the races of mankind. 

It has been deemed appropriate to conclude with Engineering, 
including descriptions of recent advances which applications of 
Chemistry and Physics have rendered possible. Some of these 
have already found a place in the sections on those subjects, but 
complex mechanical devices fall more naturally to Engineering 
proper. A prominent place has been ^assigned to the appliances 
by which various modes of transit have been perfected. The 
importance of these to the advance of civilization can scarcely 
be overestimated, and, associated with such rapid means of com- 
munication as wireless telegraphy, they may render possible the 
continuance of a world-empire like our own. 

Bpt^as, at present, and for an indefinite period, the fate of 
nations !s liable to be determined by force of arms, the concluding 
pages are devoted to the mechanical appliances which now render 
war by land or sea so tremendous a business. 

J. R A D. 

R. A. COLUtaB, CiSBNCBSTBB. 
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INTRODUCTORY 

OUR OUTLOOK ON THE UNIVERSE 

First Impressions. — The first rough impression that our senses 
convey to us regarding our position in space is that we are situated on 
an indefinitely large, nearly plane, and immovable solid foundation, which 
we call the Earth. In the sky above us float various luminous objects, 
differing vastly among themselves in brightness, and seemingly all of 
a nature entirely unlike that of the Earth. One in particular, the Sun, 
stands out from the rest as the ruler of the day and the year. While 
he is above the horizon, the lesser* lights disappear in his brightness, 
while his heat is obviously necessary for the existence of animal and 
vegetable life on the Earth. The polar regions during their long winter 
night give a faint idea of what the whole Earth would be like without 
his warming and vivifying rays. He obviously governs the seasons — 
it is summer when he passes high in the sky, and is visible for con- 
siderably more than half the twenty-four hours, and winter when the 
conditions are reversed. Rough observations suflice to show that these 
changes repeat themselves in a period of 365^ days, as was discovered 
in very ancient times. 

What the Sun Teaches about the Earth. — ^The Sun teaches 
us that our Earth is not of indefinite extent, but floating freely in space; 
for he obviously passes under us at night, and this not always in the same 
place (in which case we might imagine a tunnel for him to pass through), 
but at widely differing points in summer and winter. Indeed, if we 
^ went to Bodo, on the Arctic Circle, we might see him pass up or down 
at every point of our horizon, showing that our Earth is absolutely free 
from any support Moreover, if . we travel over the Earth we shall find 
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that the sun does not alter in apparent size, showing that his distance 
is immensely great compared with the Earth’s dimensions. 

SIZE AND SHAPE OF THE EARTH 

Size and Shape. — Having once persuaded ourselves that the Earth 
is not an indefinite plane, it is important to find her shape and size. The 
phenomenon of a ship disappearing below the horizon as she recedes — hull 
first, and finally the tops of the masts — shows us that the Earth’s surface is 
curved, and as the curvature appears to be the same in all directions, and 
at all parts of its surface, we conclude that it is a sphere. We can get a 
rough idea of its size by a method used in Egypt by Eratosthenes. He 
found that the midsummer sun shone vertically down a well at Syene 
(Assouan), while at Alexandria at the same time it was found, by observing 
the shadow of a vertical pillar, to be distant from the overhead point by 

d^^rees, or one-fiftieth of the whole circumference. Taking the dis- 
tance between the stations as 5000 stadia, he deduced for the circumfer- 
ence fifty times this, or about 29,000 of our miles. 

Modern Measurements. — The modem method is similar in prin- 
hot far more exact A base line of a few miles long is most carefully 
nttsasiired wifti rods or chains; froth this the surv^ is extended in a 
aeries of triangles till it covers several hundred miles. Then the angle 
between the extreme stations is determined by measuring the distances of 
some well-known heavenly bodies from the overhead point at each station. 
Such arcs beit^ measured in various r^ons, the earth has been found to 
be almost spherical; the distance from pole to pole is 7900 miles, the 
diameter of the equator some 26 miles longer. 

Jeans’ Theory. — In 1903 Mr. Jeans sug^ted that the earth has a 
tendency to a pear shape, England being near the blunt end, and the 
stalk end being in the Pacific. This form being unstable, there is a 
tendency for the equator to become circular. He thus accounted for the 
j>revalence of earthquakes in the regions midway between the two ends of 
the pear. The departure of the equator from a circle is very slight, only 
a mile or two, and the point is only mentioned here to avoid returning to 
it later. 

ROTATION OF THE EARTH 

Apparent Movements of the Heavenly Bodies.— We now return 
to our contemplation of the heavenly bodies, and note that there is one^ 
feature common to them all, they all have a common motion round us 
in tweny-four hours. There are two poles in the sky, one near the pole- 
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star, the other in the southern heavens; the whole firmament appears 
to rotate about the line joining these. Simplicity alone would lead us 
to conclude that it is the Earth, not the heavens, that is spinning, especially 
as we shall find that the different bodies are at vastly different distances, 
so that it would be inconceivable that th^ should all go round us in 
the same time. 

Foucault’s Pendulum. — An absolute proof is afforded by Foucault’s 
pendulum experiment. The pendulum is free to move in any plane, and, 
if started at the pole, would really retain its plane of rotation unaltered, 
but it would appear to turn right round in twenty four hours. In other 
latitudes it takes longer to complete a revolution, the duration being 
twenty-four hours x cosecant latitude, so that at the equator no shift 
at all Would be visible. Such a pendulum was recently swung from the 
dome of the Pantheon in Paris, the results agreeing well with theory. 
Even if the sky were always cloudy, and we never saw any heavenly 
bodies, it is possible that we might have discovered the rotation of the 
Earth by the behaviour of a Foucault pendulum. It is the centrifugal 
force arising from the rotation that causes the Earth's equator to 
bulge out 

THE MOON 

After the Sun the next body to attract our attontioit ft 
lesser light that rules the n^ht”. Unlike tiie Sun, she appears tb 
tinually change her shape; but it is ea^ to prove that the change fo 
apparent only, for with a telescope we can see that tiie invisible pai;t is 
really there by its extinguishing stars when it comes to them. Examination 
will show that the Moon’s changes depend on her distance from the Sun; 
when she is near him in the sky she appears as a thin crescent, and widens 
out as she recedes from him. The explanation is that the Moon, like the 
EarA, is a non-luminous sphere, only shining by reflecting the sun’s light 
We thus find that our first impression was incorrect, and that the Earth 
is quite similar in nature to some of the bodies around her. 

THE SOLAR SYSTEM 

The Planets. — If we examine the sky carefully, and map out the 
positions of the stars, we shall notice that most of them retain tiM? con* 
^guration unchanged, but a few bright ones will be found to be travdUn^ 
through the heavens, some quickly, some slowly. These are the ftvh 
planets (wandering stars) of the ancients, i>. Mercuiy, Venus, Marsj; 
Jupiter, l^tum, which, with the Son and Moon, gave their names to the 
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days of the week, the connection being in some cases more easily traceable 
in the French than in the English names of the days. These bodies, like 
the Moon, ar6 non-luminous globes, shining merely by reflection from the 
Sun. ' This is shown, in the case of the first three, by their exhibiting 
phases like the Moon, when examined with a telescope; in Jupiter’s case,' 
by the black shadows which his moons cast on his disc when they pass 
between him and the sun; and in Saturn’s case, by the shadow cast by 
his ring. 

The Solar System. — It has been recognized since the time of 
Copernicus that our Earth must be reckoned as a planet. The fact that 
she shines like them is proved by the faint light which can be seen on the 
darker part of the Moon’s disc when only a thin crescent is lit up by the 
Sun ; this light has come from the Sun to the Earth, thence to the Moon, 
and then back again to the Earth. Many other planets have since been 
discovered, and the whole assemblage, together with numerous comets and 
meteors or shooting stars, forms the “Solar System”, or Sun’s family; 
He is the source of their light and heat, while his attractive power keeps 
them circling round him; were this to cease, they would rush off into 
the gloom of outer space. 

Life History of the Earth. — A careful study of the different 
worlds of this system is of great help in revealing the story of our Earth’s 
past; for just as in a forest we see trees in all stages of growth, from 
the acorn to the gnarled old oak, so we find worlds in various stages 
of development, and can form plausible conjectures as to the order of these 
stages. This method was used by Proctor, and, if carefully applied, is of 
great use in Astronomy. But just as in the forest we should make a 
mistake if we assumed that evety tree we saw was a stage in the life 
history of the same organism, so we must not take it for granted that 
the different planets are all passing through identically the same career, 
though there is likely to be a strong family resemblance between them, 
just as the life history of a beech is very like that of an oak. 

DISTANCE OF THE MOON 

General Method. — In making a comparative study of worlds, one of 
the first points to consider is that of their size, to measure which we must 
determine their distance and their angular diameter. The distance i^ 
found by methods similar to those employed in surveying, a base line 
is measured, and the distant object observed from the two extremities of 
this; we then know one side and two angles pf the triangle, and can find 
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the other sides by the rules of trigonometry. Knowing the distance and 
the angular diameter of the object, its true size follows at once. 

Application to the Moon.— For example (fig. i), let the two ends 
of our base.be Greenwich and the Cape (which we shall, for simplicity,, 
suppose to be on the same meridian). Let GC denote the two stations; 
EM the centres of Earth and Moon; and let GS, CS be lines drawn to a 
fixed star s, due north of the Moon; we shall find that GS, CS are to all 
intents absolutely parallel. The angles SGM, SCM must be measured; 
their difference gives us G M C. The altitudes T G M, T C M of the Moon at 
the two stations must also be measured. Then our previous knowledge of 



the size and shape of the Earth, and the latitudes of the two stations, gives 
us the angles TGC, TCG, and the distance GC; we thus know all the 
angles and one side of M G C, and can deduce the remaining sides. The 
Moon’s distance from the Earth is not constant, but its average value is 
found to be 239, ocx) miles. The diameter in miles of a heavenly body is 
its distance divided by 206,265 and multiplied by its diameter in seconds. 
The latter being 1865'" for the Moon, we find for her diameter in miles 
2160, or three-elevenths of the Earth’s. 

DISTANCE OF THE SUN AND PLANETS 

Transits of Venus. — The geometry of the motions of, the planets 
gives us their relative distances very accurately; hence it suffices to measure 
t^e distance in miles of those that approach nearest to us, by the method 
Already described, and all the rest can be immediately deduced. The first 
' planet used for this purpose was Venus, when crossing the Sun’s disc as a 
black spot. Expeditions were sent to various stations, and the exact instant 
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noted at which Venus entered wholly on the Sun’s disc; the difference 
of these times enables us to find Venus’s distance. These transits of Venus 
are very rare. The pair in 1761, 1769 gave the first reliable value of the 
Sun’s distance, making it 95,000,000 miles; the pair in 1874, 1882 were 
very carefully observed, but the results were less accordant than hoped for, 
owing to apparent distortion in Venus’s shape as she enters on the Sun. 

Eros. — In 1898 a new planet was found, tiny Eros, which is at times 
our nearest planetary neighbour. Such an approach occurred in 1901, 
when thousands of photographs of Eros and surrounding stars were taken 
at all the observatories of the Northern Hemisphere. These photc^raphs 
give the means of measuring with extreme accuracy the shift of Eros 
imoi^ die star^ as seen ftxxn different , stations, and hence finding its 

Distance of the Sun. — ^The accepted value of the Sun's distance is 
93^000,000 miles. This is probably within 200,000 miles of the truth. > The 
difficulties of the problem are veiy great, for the distance is 12,000 times 
our longest terrestrial base. Hence the change in the estimate is not 
surprising, and it should be pointed out that it cannot mean a real chai^ 
in the distance, for that would involve a change in the length of the year, 
which we know has not occurred. 

The Speed of Light, and Distance of the Sun. — Another 
method of finding the Sun’s distance may be briefly mentioned. It has 
been found that the speed of light^ through space is finite, though very 
great, and all the heavenly bodies consequently seem to be shifted slightly 
towards the point whither the Earth is moving, just as running through 
a shower of vertical rain causes the rain to beat in our faces. The effect 
is to make each star describe a little ellipse in the course of a year, the 
length of which is the same for all (41"). We can deduce the ratio of the 
Earth’s speed to that of light, and the latter has been found by careful 

measurement over a base of several miles, using a rapidly revolving mirror. 

/ 

The resulting speed is 186,328 miles per second, which would take it from 
the Sun tp the Earth in 500 seconds. ‘ The value 93,100,000 miles has been 
deduced, which is practically identical with that given above. 

STATISTICS OF THE SOLAR SYSTEM 

The planets all move round the Sun in orbits that are' practical^ 
circular, though the Sun is appreciably out of the centre of many of them. 

It will save space to give many of the particulars of their size, mass, and 
distance in the form of a table. 
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Distance 





Time of 
Rotation. 
Equator. 

Time of 

Planet. 

from Sun 
in Millions 
of Miles. 

Period. 

Diameter. 

Miles. 

Mass. 

Earth’t>i. 

Density. 
Earth’s a I. 

Rotation. 

Temperate 

Zones. 







e. h. in. 

d. h. m. 

Sun 



867,000 


o'aS 4 

25 98 

27 0 0 

Mercury 


days. 






36.0 

88.0 

3,200 

n 

0.66 

? 


Venus 

67.3 

224.7 

7,600 

0.82 

0-93 

? 


Earth 

93-0 

365-3 

7 . 9 a 6 

I 

1 

0 23 56 

same 

Mars 

141.7 

687.0 

4,210 

i 

0.74 

024 37 

same 

Jupiter 

483-9 

years. 

izs86 

89,000 

318.3 

0.24 

0 9 59 

0 <^56 ■ 

, Saturn . 

887.5 

29.46 

76,000 

95.2 

Oui.2. 

01014 

oTO'/ajP'-: 

IJranus 

‘ 1784 
2 fgS 

84*9- . 

164.8 

53,000 

Xf^ 


t-."- 


Kqptuae 

: -• • c- -V 


Moon 

FromEsTth. 

days. 

■M 

' 1 



; .... - - 

258,800 
miles, j 

27.32 

B9 

81.5 

0.61 

*7 743 

same 


Satellites. — All the planets, except Mercury and Venus, are accotn* 
panted by satellites, and the observation of their periods -and distances 
enables us to deduce their primary’s mass; that of Venus is known by the 
disturbances it produces in the Earth’s motion, but we can only guess at 
that of Mercury, since it is too small to sensibly affect its neighbours. 

The Sun and Inner Planet& — Several points in the above table 
call for comment, (i) We notice how* enormously the Sun outweigh the 
sum of all the other bodies (in fact, 740 times), so that he reigns as absolute 
monarch. (2) We see that we may divide the planets into two groups — ^the 
four inner ones being comparable with the earth in size, while the outer four 
are much larger. (3) There is a most interesting fact about the densities. 
We might expect that the larger bodies, by their greater attractive power, 
would have their materials more tightly packed ; but we see that the reverse 
is the case, the ’Earth being the densest of all, while the Sun’s density is 
quite low. We obviously seek an explanation in his very high tempera- 
ture, from the well-known laws of expansion. The surface of the Sun 
appears to be in a gaseous condition, and it' is probable that this state of 
things persists to a great depth, until the excessive pressure produces a 
quasi-solid condition. 

The Outer Planets. — ^We next turn to the large planets, and here, 
too, the small density probably arises from a high temperature. We have 
evidence of this in the very rapid changes of the surface markings, and in 
the remarkable variations in the rotation times for different zones. These 
jpoints indicate a resemblance to the Sun and some inherent source of 
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energy in the planets, since their distance from the Sun is so great that his 
heat would be inadequate to produce such effects. The, Earth itself has 
a high internal temperature, as is shown by volcanic action, hot springs, 
and the rapid rise in temperature found in mines and other deep borings. 
The Moon’s surface, again, bears evident traces of a past period of fiery 
activity. 

Life History of the Planets. — We have thus a strong case for 
concluding that all the bodies of the system began their career as sun-like 
bodies, and that the smaller ones have been the first to cool. Most 
systems of cosmogony ascribe this primitive heat to the coming together 
of the constituent particles of the body from a distance, and the conver- 
sion of their kinetic energy into heat; tliere is, however, great variety in 
the details. Quite lately a further possible source of heat has been found 
in the radio-active elements, but it is not yet possible to form a quantitative 
estimate of the amount due to this cause. 


CHAPTER II 
THE SUN 

Heat of the Sun.— W e naturally turn first to the Sun to get an 
idea of the condition of heavenly bodies in their fiery stage. Dr. Langley 
made measurements of solar heat cm the summit of Mount Whitney, 
14,000 ft. high, and arrived at the conclusion that if the Sun were sur- 
rounded a shell -of water i centimetre thick, with a diameter equal ' to 
that of the Earth’s orbit, the temperature of this shell would rise about 
31 ° C. per minute. On the assumption that the Sun’s heat results from 
contraction of his mass. Professor Newcomb has deduced a contraction of 
about I mile in 20 years. Lord Kelvin similarly found 20,000,000 years 
(o be the past duration of the Sun, on the assumption that his output of 
heat had been uniform, and resulted from the contraction of his particles 
from an infinite distance. These estimates make no allowance for the 
radio-active elements, which may modify the result to an unknown extent 
The PhotosFHERE. — ^The Sun’s visible surface is known as the 
photosphere. It is concluded that this must be of a cloudlike nature, since, 
if either solid or liquid, it would lose heat so rapidly by radiation that it 
would soon cease to be luminous. We must suppose strong convection 
currents to carry down the cooled matter and bring up new heated matter, 
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and nothing but gas has the required mobility. We do not know to what 
depth this mobile layer extends, but Dr. See has deduced that near the 
centre, even if the matter remain gaseous on account of the immense 
temperature, it would behave practically as a solid, the almost inconceiv* 
able pressure rendering it more rigid than any metal. Professor Sampson 
reached a different conclusion, i^. that the pressure below a certain depth 
might remain nearly constant, and the convection currents extend to the 
centre. He has been able in this way to explain one peculiarity already 
mentioned — the rapid increase in the rotation period as we proceed from 
the equator to the poles; it is shown that this would arise if the rotation 
were much more rapid at the centre and continually diminished outwards. 

SUN SPOTS 

Disturbances in the Sun. — On any view the visible surface of 
the Sun must be a scene of tremendous turmoil; its effects are seen 
during total eclipses in the red prominences, which are mighty eruptions 
of glowing gas flung with tremendous speed to heights of (say) icx>,ooo 
miles. They can be seen without an eclipse by the aid of the spectroscope. 
The sun spots are another evidence of mighty disturbance; th^ are huge 
rifts in the photosphere exposing a less luminous r^;ion, or p^h^ filled 
with absorbing matter that veils the bright surface, and tibey 
whirlpool-like structure and rapid chan^ what mighty forces arts sinork. 

Size and Shape of Sun Spots.— They sometimes attain a diameter 
of 50,000 miles or even more, and at such times are plainly visible to the 
eye if the glare be reduced by smoked glass or by fog. They are almost 
certainly depressions in the photosphere, though not of great depth, as is 
shown by their sometimes exhibiting the perspective of a hollow as they 
approach the edge of the disc. 

Solar Cycle. — One of the most marvellous and mysterious features 
of the spots is the periodic waxing and waning in a period slightly over 
eleven years. No clue to the cause has yet been obtained, but it is 
almost certainly inherent in the Sun itself, not arising from external 
bodies such as Jupiter, whose period is near it but not near enough. 
Comparison has been made with the intermittent action of geyaers, &c^ 
which have a calm period after an outburst, till the pent-up forces have 
again accumulated. We can scarcely say whether such action is possible 
in the interior of the Sun. All the solar appendages share in the fluctua- 
tion, and it is evidently not a mere surface phenomenon, but very deep- 
seated. 
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Sun Spots and Magnetism of the Earth. — The Earth’s mag* 
netic phenomena fluctuate in sympathy with the solar cycle, and Mr. 
Maunder has recently shown that the connection is veiy close, and that 
the period of the Sun’s rotation can be detected in our magnetic disturb- 
ances. He deduces from this that these disturbances result from an 
action proceeding from certain regions of the Sun in definite directions, 
which regions are generally those of spots; but in some cases a region 
seems to retain its activity after the spot has closed up. He suggests that 
the disturbance may be transmitted to the Earth by the actual discharge 
of very minute particles, possibly small enough to be affected by the pres- 
sure of light, which produces on very tiny bodies a stronger action than 
gravitation. The great permanence of the affected regions on the Sun 
is a surprising feature, considering the mobility which the Sun’s surface 
must have. 

Shift of Sun Spots. — During the eleven-year cycle the spots have 
a remarkable shift in latitude; just after spot minimum they break out in 
high north or south latitudes, and then gradually close in on the equator, 
to which they make their nearest approach at the next minimum, when 
the cycle b^ins anew. The cause of this movement is as mysterious as 
that of the spot cycle. 

THE SUN’S ABSORBING ATMOSPHERE 

The Sun’s disc becomes decidedly less luminous near the limbs, the 
cause being the same as the diminution of light of the setting Sun, viz. 
greater absorption owing to the light traversing a greater depth of atmos- 
phere; but in this case the atmosphere is that of the Sun. The solar 
atmosphere is a few hundreds of miles high, and its constitution can be 
found by the spectroscope. 

This instrument splits up the Sun’s light into a rainbow-tinted band, 
crossed by thousands of dark lines caused by the absorption of light by 
the gases in his atmosphere. Comparison with the spectra of known 
substances enables ps to identify many of the gases present in his atmos- 
pliere. Hydn^jen and calcium are abundant, also iron, sodium, mag- 
neisium, and a number of others. It is of interest to note that just as 
our air makes tiie Sun look red when setting, so the Sun’s atmosphere 
absorbs more of the blue light than of the red, and in consequence the 
darkening at his limb is more conspicuous in photographs than to the eye 
(for the blue rays are more efficient phot(^;raphically). The golden tinge 
of his light is due to this smoke veil; were it removed, he would look 
bluisk 



THE SUN 

This is one of the photographs of the Sun’s disc taken at Green* 
wich Observatory every fine day (reproduced by kind permission 
of the Astronomer Royal). The cross lines are wires in the in- 
strument used for determining the true bearing of the spots. The 
darkening towards the edge of the disc shows the absorption of 
the Sun’s atmosphere. The enlargement of the Great Spot shows 
unUfra and penumbra^ and the formatlbn of bridges >y the . inrush 
of luminous matter. 





lEMENT OF THE GREAT SCNSFOT 




THE SUN 

/ 

SUN-SPOT THEORIES 

Nature and Origin of Sun Spots. — Spots .when examined wit) 
the spectroscope show a general darkening, and also widening and con 
tortion of the lines. This indicates that they are cooler regions, and als< 
under greater pressure, thus confirming the idea that th^ are depressioni 
There are two principal explanations: (i) that they are caused by th( 
downrush of cooler matter from without; (2) that great explosive rushe 
of gas are taking place from the interior; the gas on reaching the surfao 
would expand rapidly from diminished pressure, and in consequence wouk 
cool. The second view seems to the writer the more probable, especiall] 
as the spots are found to be intimately associated with the prominences 
which are obviously eruptions. The tendency of contemporary spectra 
scopists is, however, towards the other view. 

Parts of a Sun Spot. — Spots and their surroundings consist 0 
four parts: (i) The nucleus, a small black spot in the middle, which wouk 
be the funnel up which the uprush had come; (2) the umbra, or darl 
region, where the bright photospheric clouds are torn aside; (3) ^e pen 
umbra, or greyish r^on, perhaps due merely to greater absorption, owin] 
to its depression below the general surface; (4) the faculce, or bright wave 
surrounding the spot, doubtless the displaced photospheric matter travel 
ling outwards. They rise above the general level, being sometimes seei 
as ridges on the limb. They are much more conspicuous near the liml 
than in the centre of the disc; this is owing to contrast, for, being abov« 
the surface, they would not suffer so much absorption as the surrounding 
photosphere. 

Hale and Adams’s Theory.— Professors G. E. Hale and W. S 
Adams have recently advanced a new theory of spots, based on theii 
spectroscopic observations, combined with Professor Fowler’s work on the 
spectrum of titanium oxide. They have succeeded in identifying the 
titanium flutings in the spot spectrum, and find that the lines that arc 
strengthened in this are those that are strengthened when the vapoui 
producing them is lowered in temperature. Hence they conclude that a 
spot is a r^on of lowered temperature, and that the Sun’s atmosphere 
over it is modified by this lowering; but that the upper layers of this 
atmosphere are less cooled, so that the temperature gradient is reversed 
The titanium producing the banded spectrum is supposed to lie at a great 
depth, where the temperature is so low that, being a vety refractory sub- 
stance, it is imperfectly vaporized; while the substances producing the 
line spectra are higher, and are completely vaporized. 
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This theoiy also accounts for some bright lines having been seen in 
spot spectra; these would arise from upper vapours, and their higher 
temperature would account for the brightening. We shall recur to the dis- 
covery of the lines of titanium in spot spectra when we deal with variable 
stars, and we shall see that it is full of significance, indicating that our Sun 
is at an incipient stage of star variability. Hale and Adams have searched 
for evidence of the shifting of lines, denoting motion in the line of sight 
They find very little trace of such motion in umbrae, that little being in a 
downward direction ; they find, however, uprushes in the bright bridges of 
spots and at adjacent regions of the photosphere. 

Associated Sun Spots. — Large spots aue generailly accompanied by 
groups of smaller ones, sometimes of immense length, and more or less 
regular sequences in their behaviour have been traced — sometimes there 
seems to be a tendency for one to rotate round another. Their duration 
varies greatly: small spots may only last a day or two; large ones fre- 
quently do not persist for a second rotation, but sometimes they last much 
longer; allusion has already been made to repeated outbreaks in the same 
region. The disappearance is effected by the inrush of the surrounding 
faculae, forming bridges, and splitting up the spot into smaller ones, which 
gradually disappear. The contortion in the spectral lines in spots is due 
to rapid motion of approach or recession in the luminous gases ; this alters 
the wave length of the light, and shifts the lines. The violence of the 
explosions is shown by the gfreat speeds attained — hundreds of miles per 
second. These speeds are verified by the rapid changes in the promi- 
nences which take place under the eye of the observer; the matter moves 
up visibly, attains a tremendous height, and then bends over and descends. 

THE SPECTRO-HELIOGRAPH 

Flocculi and Chromosphere. — During recent years a new and 
powerful weapon of research — the spectro-heliograph — has been introduced. 
This takes photographs of the sun in light of one colour only, the slit of 
the spectroscope being moved over the disc, and the photographic plate 
being moved to correspond. The portions of the spectrum generally 
chosen are the hydrogen or calcium lines, and a new feature has been 
revealed, ix. that there are immense flocculi — of these gases in 

the sun’s atmosphere. They occur chiefly in the spot zones, and some- 
times cover up the umbra of a spot, though entirely invisible to ordinary 
sight. The instrument can also be used for taking simultaneous photo- 
graphs of disc and prominences, valuable for tracing the connection 
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between the two. There is generally a layer of prominence matter right 
round the sun (outside the true atmosphere); this is known as the ckronuh 
sphere, and the eruptive prominences rise out of it. 

The Corona and Total 'Eclipses. — There is still another solar 
appendage — latgest, though least massive of all, — the filmy corona, which 
can only be seen during total eclipses, and which sometimes extends 
millions of miles above the limb. As total eclipses are rare phenomena, 
and frequently require long journeys for their observation, and as the 
duration of totality seldom exceeds four minutes, the growth of our 
knowledge of it has been slow. More has been done of late years, as the 
introduction of photographic methods gives reliable information respecting 
both the shape and spectrum of the corona. The light of the lower part, 
near the sun, is so great that we can understand how the early astronomers 
took it for part of the sun’s disc, and thought no eclipses could be total. 
It fades off rapidly, and the outer portions are most delicate and ethereal, 
requiring perfect weather conditions to detect them. 

Corona and Spot Cycle. — It has now been established that the 
corona changes with the spot cycle. At maximum it is arranged sym- 
metrically round the limb, so that we could not tell from looking at a 
photograph which was the direction of the equator; but at minimum 
there is a great extension in the equatorial regions, while the poles are 
only occupied by the polar plumes, a series of beautiful, thin, curved rays 
strongly recalling the magnetic curves' produced by iron filings, so that 
many astronomers have attributed them to magnetic action. A character- 
istic feature of the long coronal streamers is their ^nclinal curvature, i.e. 
the portions nearer the sun have convex boundaries, then there is a point 
of inflection, and the boundaries of the outer portion are concave. 

The longest ray of this kind ever photographed (by Mrs. Maunder in 
India in 1898) was traced with certainty for a length of 6 diameters 
(5,cxx>,ooo miles), and was suspected for 7 diameters. Mr. Maunder 
conjectures that streamers like this may exemplify the kind of action 
that he postulates to carry to the earth the tiny particles that are supposed 
to produce our aurora and magnetic storms; probably the matter forming 
them is so finely divided that light pressure is stroi^ier than gravitation, 
and propels them away from the sun. 

Complexity of Corona. — ^The corona is probably a highly complex 
structure; some parts of its light are due to solid particles reflecting the 
Sun’s light, or, if veiy near him, perhaps heated to incandescence, and 
shining their own light Another portion is shown by the spectro- 
scope to consist of an unknown gas, to which the name coronium has 
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been given; it is presumably lighter even than hydrogen. The ethereal 
nature of the corona was emphasized by the comet of 1882, which passed 
through it, and, though itself of most filmy structure, escaped without euiy 
sensible retardation of its motion. Curious dark structures are sometimes 
seen in the corona and prominences which may be due to some intervening 
streams of matter. Similar structures occur in nebulae, and may be due to 
a similar cause on a grander scale. 

Corona and Disc Disturbances. — Recent eclipses have established 
a connection between the coronal structure and the disturbances on the 
disc. Over a strongly disturbed region were seen a number of concentric 
arches, recalling the circular waves made by a stone thrown into water, 
and probably the result of an explosive outburst. 


CHAPTER III 

THE GIANT PLANETS— JUPITER, SATURN, 
URANUS, NEPTUNE 

JUPITER 

We proceed now to the giant planets, which illustrate the stage in a 
world’s career when it has ceased ^o have an incandescent photosphere, 
but is still agitated by internal heat (fig. 2). Jupiter is in every way 
the best world to take as our type, since he is at once the largest and the 
nearest of the four giant planets. Saturn, hpwever, resembles him closely, 
except for the added feature of the ring. We can never hope to learn 
much of Uranus and Neptune, owing to their great distance; but their low 
density' probably indicates general similarity to the other two. 

Size and Appearance of Jupiter. — Jupiter’s bulk exceeds that of 
the Earth more than a thousandfold, but bis mass only three hundredfold. 
This fact in itself suffices to prove that a latge portion of his bulk is 
gaseous, and observation fully bears out this idea. We probably never 
see the planet’s real surface, but only an immensely deep cloud layer. 
The clouds are not distributed at random, but are generally arranged in 
belts parallel to the equator (fig. 3). These belts are continually changing, 
and produce the impression of a series of doud layers, one behind 
another down to an immense depth. It is to be remembered that he is 
at five times the earth’s distance firom the sui^ so the solar heat would 
be . quite inadeqiude to produce these douds. Indeed, were the jpdmiet 
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dependent on the sun alone for heat, a terrible ftost would prevail, and 
all moisture would probably be precipitated. The heat must therefore be 
inherent, but the atmos- 
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pheric veil hides from us — “■ 

the (M’obably still glowing yr 

surface. X 

The Belts OF Jupiter. / \ \ 

.... / / X vws 

— The parallelism of the j / \ A 

belts to the equator re- / / \ \ \ 

minds us of the solar-spot / f / ^ — v \ \ \ 

zones, and there can be no I | | ^^un] ] I 1 

doubt that both are rota- I \ V J j I 

tion effects. There is the \ \ / / 

further analogy that the \ \ / j 

equatorial regions rotate ^ \ A 

more rapidly than the rest; \ / 

the actual times are 9 h. 

50.5 m. and 9 h. 55.7 m. 

The range is much less FI^. s.^Orbitsof the Earth and of the four giant planett. Feriodain 

than in the Sun’s case, and 

’ positions of Neptune are shown at the dates 1795 (first observed as a 

the period does not, as in ««r), 1846 (discovered as a planet), 1875, 190a. In 1960 it will return to 

^ the position of 1795. 

that case, gradually in- 

crease with the latitude; but all the (markings seem to conform pretty 
closely to one of these values. 

Lights and Colours of Jupiter.— Some have supposed that 
Jupiter may still give a little inherent 
light. His disc is veiy brilliant, con- 
sidering the distance from the sun, and 
as lat^e regions are obviously dusky it 
may well be that the brighter r^ons 
shine partly by their own light. That 
the amount of this is small, however, is 
shown by the blackness of the shadows 
of the satellites, and the total disappear- 
ance of the latter when they enter the 
shadow of their primary. Very rich and 
beautiful colours are shown on the disc. Fig. 3.->Jupiter. (From ■ tketch by Dr. D. 
Mr. W. R. Waugh says of the bright 

equatorial zone: "Its ruby-tinged golden hue has made it attractive to 
students and beautiful to behold. What can be the cause? An additional 


Fig. t. —Orbits of the Earth and of the four giant planets. Periods in 
years: Jupiter sa, Saturn 30 (nearly), Uranus 84, Neptune 165. The 
positions of Neptune are shown at the dates 1795 (first observed as a 
star), 1846 (discovered as a planet), 1875, In X960 it will return to 

the position of 1795. 


Fig. 3.— Jupiter. (From a sketch by Dr. D. 
Smart.) 
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increase of heating power is perhaps the most fezisible explanation. 
From belt to belt it seemed to glow in coloured light.” Other r^ons are 
described by Mr. Lassell as purple, brown-orange, and light olive-green; 
others speak of blue, crimson, and sea-green. 

The Great Red Spot. — One of the most remarkable coloured 
regions is known as the Great Red Spot. This is an enormous ruddy 
oval marking, 150,000,000 sq. miles in area (three-fourths of the whole 
surface of the Earth), which has persisted since 1879. There is some 
evidence of a similar outburst* having previously taken place on the same 
part of the planet, which calls to mind the recurrence of solar disturb- 
ances in the same r^ion. Many have thought that it is either the surface 
of the actual glowing planet or a thin cloud stratum transmitting that 
glow. 

Mr. R. A. Proctor says: 

“ When the whole spot was red, the region thus disclosed lay below the general 
level of the cloud surface we see and measure, probably by many hundreds of miles. 
The red light was in part inherent, but probably the actual region whence inherent 
light proceeded lay far below the surface from which it appeared to emanate. The 
existence, long continuance, and rapid changes of appearance in the great spot 
indicated an activity in Jupiter’s mass corresponding well with the theory that he is 
in a condition between that of a Sun like our own and that of a world like our 
Earth.” 

The spot has not remained iq absolutely the same position on the 
planet; it has, indeed, drifted over some 40 d^ees of longitude. 
These changes have generally seemed capricious, but on two occasions 
a change of rotation rate has synchronized with the overtaking of the 
spot by a lai^e dark marking which seemed to give it a sudden push 
onward. This probably implied that the red spot is not the actual 
surface, but a low cloud layer which had been pushed away from the 
actual seat of disturbance, but afterwards returned to it. In a somewhat 
similar manner Proctor explains the long rows of oval white clouds by 
supposing that they are the products of successive eruptions from the 
same region, but that an atmospheric current has carried them away from 
this region and spread them out in a band. 1 

Other proofs of the great depth of Jupiter’s atmosphere are aftorded 
by the behaviour of the satellites when passing before or behind the disc. 
A well - attested case occurred in 1828, when three skilled observers 
(Admiral Smyth, Mr. Maclear, and Dr. Pearson) saw Satellite II pass 
on to the disc, and several minutes later appear again outside it, 
showing that a large area of the planet had become transparent and 
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invisible. This is supported by Mr. Todd’s observations at Adelaide; on 
several occasions he saw the satellites through the limb after they had 
passed behind it 

.SATURN 

Comparison with Jupiter. — Saturn is Jupiter’s brother giant, and 
much that we have said of the one applies also to the other. Both have 
rapid rotation, and in consequence great polar flattening; while both 
present to us a cloud surface crossed by parallel belts. Saturn is but 
little inferior to Jupiter in size, but his density is surprisingly small (one- 
seventh of the Earth’s), so that his mass is only two-sevenths of Jupiter’s. 
This leads us to conclude that he also is in a semi-sunlike stage. His 
equator rotates in ten and a quarter hours, while a white spot in the 
temperate zone gave a value twenty-four minutes longer. This difference 
of rate implies atmospheric currents of the speed of 1000 miles per hour. 
The existence of these great currents is also shown by the behaviour of 
the white equatorial spot used by Professor A. Hall in 1876 to deduce the 
rotation. This began as a round, brilliantly white spot, but quickly spread 
out eastward. This probably arose from the .source of the eruption being 
at a great depth, and having a slower rotation than the surface, so that 
successive jets appeared farther and farther to the west. 

Saturn’s Ring. — The unique feature of Saturn is his encircling ring ; 
nothing of the kind exists elsewhere in our system, though a parallel may 
be found among the nebula:, as we shajl see later. It is not really a single 
ring, but a series of them, all concentric, and in the plane of the planet’s 
equator. They are astonishing both from their immense size and their 
thinness; the latter can scarcely exceed 100 miles, and when the ring 
is edgewise, which happens every fifteen years, it vanishes in all but the 
finest telescopes, which reveal it as a delicate line of light. 

Components of the Ring. — First comes the outer ring, with a span 
of 169,000 miles and a breadth of 9700. Next follows a great gap, 2200 
miles wide, known as the Cassini division. Then comes the brightest 
ring, 17,000 miles broad; it is brightest on its outer edge, and grows 
darker inwards by slow gradations. Inside this, again, we have the 
crape, or transparent ring, through which the limbs of the planet can be 
seen. It is probable that this is somewhat thicker than the others, as when 
the system is edgewise it sometimes appears as a nebulous band. Its 
inner edge has been- observed to present an irregular and jagged appear- 
ance, and it is probably subject to variations, since it was not detected 
by the great reflector of Sir W. Herschel, while it can now be seen in 
an ordinary telescope. 
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Movements and Nature of the Ring.— Sir W. Herschel foum 
in 1789 that the ring was revolving round the planet It is, indeed, prett) 
clear that otherwise the ^tem would be as unstable as a needle balancec 
on its point He gave the period as 10 h. 32 m., but it was proved b> 
Mr. J. Clerk Maxwell in 1857 that the ring could not revolve as a solic 
continuous surface, but that each element must revolve separately at 
the proper speed for its distance from Saturn, since otherwise the enormous 
strains would tear it to fragments. In other words, the ring is a densf 
swarm of very minute satellites, each having its own period of revolution 
Any doubt that might linger about this conclusion was dispelled lately 
by the application of the spectroscope, which showed the lines in the ring’s 
spectrum bent in such a way as to show more rapid motion for the innei 
portions, in the exact ratio indicated by Maxwell. The particles of the 
crape ring are evidently thinly scattered, and permit the dark background 
of the sky, or the limbs of the planet, to be seen between them. 

Changes in the Ring. — ^The fact that the rings are a mass of discrete 
particles makes it probable that changes are in progress in their grouping. 
Proctor in Saturn and its System made out a good case for concluding 
that the system, since its discovery, had widened inwards very appreciably, 
so that the inner r^ions might be expected to reach the planet in a few 
centuries. More recent observations, however, have failed to support this 
inward motion. There can, however, be little doubt that such changes 
are in progress, though at a slowegr rate than Proctor supposed. 

Theoretical Importance of the Ring.— The rings of Saturn are 
of great importance in discussing the mode of formation of our system, 
since they show either an early stage in the formation of a satellite, or 
an altered process, which in other cases has' given birth to a satellite 
but here has only resulted in a cosmical cloud. There are some analogies 
between the ring and the zone of minor planets (asteroids) which revolve 
round the Sun between the orbits of Mars and Jupiter. The latter are 
far less densely scattered, but in each case there are zones of richness with 
barren r^ions between. The gaps in the asteroid orbits are known to 
be due to Jupiter’s action, since they occur at distances from the Sun which 
correspond to simple fractions of Jupiter’s period. In the same way the 
gaps in the rings are probably due to the perturbations produced by 
Saturn’s satellites; in particular, the great Cassini division is at such a 
distance that its period is half that of the inner satellite Mimas. 
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URANUS AND NEPTUNE 

Physical Condition. — Owing to their great distance little is known 
of the physical condition of the other two giant planets, Uranus and 
Neptune: From their low density, the same as that of the Sun and Jupiter, 
it is probable that they, too, are in a heated condition. From their much 
smaller size it is likely that they have progressed further towards the 
terrestrial condition. This view is, perhaps, supported by their spectra, 
which show broad absortion bands, much more prominent than those 
shown by Jupiter and Saturn. 

Rotation. — Their period of rotation is unknown, but is suspected to 
be less than twelve hours. Faint markings have been seen on Uranus, 
indicating a fairly rapid rotation, while in Neptune’s case there is obviously 
considerable oblateness, since the plane of the satellite’s orbit is found 
to be changing, evidently under the action of the planet’s equatorial 
protuberance. These two planets have one striking peculiarity, viz. the 
high inclination of their satellites’ orbit planes to those of the primaries. 
In the case of the other planets this angle does not exceed 30 degrees, 
with the single exception of Saturn’s outermost satellite, Phcebe, which 
has a retrograde motion. 

Satellites of Uranus. — But the four satellites of Uranus all have 
a retrograde motion in a plane inclined 82 degrees to the primary’s orbit 
plane, and it is practically certain that ^he planet’s equator plane coincides 
with the satellites’ plane, since otherwise his equatorial protuberance 
would cause their plane to have a rapid shift, of which the measures 
show no trace. 

Satellite of Neptune. — Neptune’s satellite has also a retrograde 
motion, its inclination being about 40 degrees; Neptune’s equator is con- 
cluded to be inclined some 28 degrees to its orbit, its rotation being 
presumably retrograde. We shall return to these peculiarities of the outer 
planets when we discuss the probable mode of evolution of the solar 
system. 
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CHAPTER IV 

THE TERRESTRIAL PLANETS— MERCURY, 
VENUS, EARTH, MOON, MARS 

MERCURY 

Period of Rotation. — We come now to the discussion of the class of 
worlds more or less resembling our own Earth. are five in number. 

Mm%uiy, Venus, Earth, Moon, Mars (fig. 4). But little is known of the 
physical condition of the first two. Mercury is small, and veiy near the 

sun, so that it is difficult 
to make good observa- 
tions. Definite markings 
on his disc have been 
seen, but nevertheless the 
period of rotation is still 
quite doubtful. Some 
astronomers (notably 
Schiaparelli and Lowell) 
maintain that the period 
of rotation is the same 
as that of revolution, ije. 
eighty-eight days, which 
would imply perpetual 
day for one hemisphere, 
perpetual night for the 
other; others hold that 
the period is only slightly 

Fig. 4-— Orbiu of the four terratrialphuiets, also of Eros the tiny planet, i--—- iU-- iU-f 
whose orbit approaches ours so closely. The orbits are aU very nearly bnall Xllak OI Our 

circular, but the Sun is considerably out of the centre of some of them. £arth Thc QUCStioil is 
Periods in days— Mercury 88, Venus 325, Earth 365, Eros 643, Mars 687. ’ ^ 

obviously of great im- 
portance as affecting the habitability of the planet. 

In HABITABILITY. — There is, however, another reason for deciding 
against the habitability of Mercuiy, a reason that is common to all 
worlds that are notably smaller than our Earth. It is. deduced from 
the kinetic theory of gases, according to which all the molecules of the 
gas are in rapid motion,- the mean velocity being greater in proportion 
as the gas is rarer. The speed of some of the molecules must be con- 
uderably above the mean, and probably every molecule would at some 
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time in its history attain the maximum speed. Now there is for each 
orb a certain speed which would suffice to carry a particle away from that 
orb. For the first four planets and the moon these speeds are 2.9, 6.2, 
y.o, 3.2, 1.5 respectively (in miles per second). In the case of the 
Earth we know that only the lighter gases can escape, such as hydn^n 
and, perhaps, helium; thus, althoi^h there is much hydrogen on the Earth 
in compounds, it does not exist in a free state in our air, as it does in 
the Sun and gient planets. 

Comparison with other Planets.— The omditimis on Ventia; ai» 
similar to those here, and observation proves that she has an atmosphere, 
like ours. All the gases have sufficient speed to carry them away from the 
Moon, amd observation shows that she is airless. Mercury would seem 
to be in nearly the same case; one fact revealed by observation is the low 
albedo, or reflective power of his surface. Now the giant planets and 
Venus, which are probably cloud-covered, have albedoes of one-half or 
more; Mars, which has evidently some air, has the value one-fourth; 
but the airless Moon has the value one-sixth, and Proctor gives a still 
lower value to Mercury, so that its condition is probably moonlike. The 
theory of the escape of gases is due to Dr. G. Johnstone Stoney, and 
it would follow from it that all the satellites and minor planets are airless, 
and it would appear that only one orb in the solar system could support 
life such as exists on Earth, the planet Venus, to which we now proceed. 

VENUS 

Resemblance to Earth. — Venus is the brightest of the heavenly 
bodies after the two "Great Lights”, and she is interesting in her close 
resemblance to the Earth in size, mass, and atmosphere; but the telescopic 
study of her surface has proved very disappointing. The phases are 
easily visible, but very little more can be certainly detected, so that it 
is still doubtful whether she rotates in some twenty-four hours or in 
225 days, the period of her revolution. Of her atmosphere there is no 
question; a decisive proof of its presence is aflbrded by the behaviour 
of the planet on the rare occasions when she appears to transit .the Sun’s 
.disc. After having entered partially on the disc a ring of sunlight is 
seen, completing the portion still outside the disc; this can only arise 
from refraction, and it has been deduced that her atmosphere must be 
as dense as our own. 

Character of Atmosphere. — Most astronomers consider that this 
atmosphere is permanently cloud-laden, and that we never see the real 
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surface of the planet. According to this view the faint markings occa- 
sionally observed are only variations in the colours of the clouds, so that 
the true surface might be rotating at quite a different rate from these, for 
there might easily be some reason which would make the clouds change 
their appearance before sunset, and, if so, the marking would not show 
any rotation. 

Only one astronomer, Professor Lowell, considers that the atmosphere 
of Venus is cloudless. He has drawn a number of radiating canaliform 
markings, which he considers are on the actual globe, and he is confident 
in the reality of the slow rotation. He says: 

“The markings are not only permanent but permanently visible whenever 
our own atmospheric conditions are not so poor as to obliterate all detail upon 
the disc. They are thus not evidently cloud-hidden at any time. But the 
whole disc, dark and light portions alike, is brightened as by a luminous 
atmosphere. When compared with the appearance of the disc of Mercury or 
of our own moon, the appearance of the disc of Venus is such as to make 
the presence of a very substantial atmosphere evident.” 

He then refers to a twilight arc being seen, and to the absence of 
distinctive colour, and says: 

“The markings, which are of a straw-coloured grey, bear the look of being 
ground or rock, and it is presumable from this that we see simply barren rock 
or sand weathered by aeons of exposure to the sun. The markings are . . 
conclusive as to the period of rotation* Thoe is no certain evidence of any polar 
caps. . . . The sur&ce presents as dead an appearance as does that of our 
own moon.” 

This is an extreme view in one direction ; to illustrate opposite views 
we may quote R. A. Proctor, where he says: 

“She retains a larger proportion than the Earth of her original heat. Her 
atmosphere seems to be denser and more moisture-laden, even above the layers 
of dense cloud which enwrap her globe, covering both sea and land (but not 
perhaps in equal d^tee) at all times.’’ 

Similarly Professor W. H. Pickering remarks that this planet is: 

“Completely enveloped by its oceans, as is presumably the case with Venus 
at present”. 

The spectroscope has been applied to the examination of the rotation 
period by Belopolsky and Lowell; they decide respectively in favour of 
the short and the long period, so that the question is still unsettled. 
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MARS 

Appearance of Disc — Polar Caps. — We now pass fto,m this 
beautiful but disappointing planet to Mars, our neighbour on the other 
side. Although he does not approach us quite so nearly, yet from being 
opposite to the sun, and presenting a fully illuminated disc on a dark 
sky, he is much more favourably placed for examination. Moreover, 
obscuration by cloud or atmospheric veiling is much less present, the 
result being that we know the surface of Mars better than that of any 
heavenly body after the Moon, and he is much more interesting than 
the Moon, being a living world on which processes of change can be clearly 
seen (fig. 5). The earliest important 
discovery was that the planet has polar 
caps, which can be easily seen to wax 
and wane with the march of the seasons. 

They show that the tilt of the equator 
to the orbit is 24 degrees, practically the 
same value as for the Earth (23*' 27'). 

Dusky Areas. — There are a number 
of dusky areas on the planet which are 
quite easy to see, and have been known 
since 1666, when they were drawn by 
Cassini and Hooke. Unlike Jupiter*^ 
markings, they are on the whole per- 
manent in position wd appearance, though subject to slight vtu^atici^ 
Hence they are on the solid ball of the planet, noi; merely atm(»{^ierie 
They are of a greenish tint, while the bright areas are ruddy, and giv< 
the planet its distinctive colour. Obscuration by cloud is evidently vei^ 
infrequent, in fact everything tends to the conclusion that the atmosphen 
is extremely rare. The small size and mass of the planet, and thi 
clearness with which the markings are seen, all make this probable. 

It used to be thought that the dusky areas were oceans, but this ha: 
been abandoned for many reasons: (i) Details of a permanent natun 
are seen on them, which could scarcely, be the case on bodies of water 
(2) Professor W. H. Pickering found no polarization in their light; (3) Dr 
Johnstone Stone/s theory of escape of gases tended to die conclusioi 
that aqueous vapour would escape from the Martian atmosphere. Thii 
cannot be considered as quite certain, since there are good reasons fo 
doubting whether the molecules of gases are subject to quite the sami 
laws of motion as bodies of finite size. 

VOL. I 



Fig. 5.— Mam. (Worn a aketdi by 
E. M. Antoniadi) 
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Nature of Polar Caps. — If Stoney’s theory is true, there can be 
no water on Mars, and the polar caps must be formed of some other 
substance. There is another reason for doubting whether these caps are 
frozen water. The distance from the Sun is one and a half times the 
Earth’s, which would make the mean temperature less than half ours, 
or far below freezing-point, which is scarcely affected by alteration of 
pressure. -But the polar caps evidently do melt or evaporate, and that 
with great rapidi^, so that either they are not frozen water, or the Martian 
air has some property, like the glass of a hothouse, permitting heat to 
enter freely, but retarding its escape. The clearness of this air hardly 
favours such a notion, but it does not quite negative it. We cannot invoke 
any considerable amount of internal heat, for the polar caps obviously 
follow the seasons, and so are sun-melted. 

Character of Surface. — Till the middle of the nineteenth century 
most astronomers looked on Mars as a miniature of our Earth. This 
position is now generally abandoned, but there are two schools of thought 
regarding the condition of his surface. The Brst concludes that active 
processes of vegetational change are in progress, the other looks on the 
planet as a frozen desert. We shall descnbe extreme views in these twc 
directions, though, of course, many intermediate ones are possible. 

Lowell’s Theory. — Professor Percival Lowell is the leading exponent 
of the first view, and no one can accuse him of propounding it hastily 
or without careful study. He selec^ted a station (Flagstaff, Arizona) where 
observing conditions are exceptionally good, and has studied the planet 
at evety apparition since 1894. His view is that water has become scarce, 
the supply mainly depending on the melting of the polar caps. It is 
conducted over the surface the canals, which are a complicated system 
of narrow streaks covering the whole surface, but especially the ruddy 
F^ons. They were first announced by Schiaparelli in 1877, though some 
had been drawn earlier by Dawes and others. Their reality was long 
questioned, but has now been proved by phot(^;rapbs taken at Flagstaff, 
showing many of them. All are s^^reed that the ruddy regions are deserts, 
and Lowell thinks that the streaks we see are the fertile strips (some 
miles wide) near the waterways, presenting the appearance that the Nile 
Valley would if seen from a like distance, flanked on either hand by 
the sandy desert 

He thinks the so-called seas are the more fertile regions, though the 
canals can now be traced even across these, implying that they, too, 
are dependent on them for their water supply. In support of his theory 
he describes how the markings darken progressively from the pole to 
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the equator after the melting of the snow. He also notes that when 
the period of vegetation is over, the r^ons turn yellowish again in the 
same order, implying the fading of the leaves. He also explains the 
mysterious doubling of the canals by supposing that the vegetation begins 
in the centre, and likewise fades there first, leaving two parallel streaks 
of green, with brown between. He has noted the position of the rifts 
in the polar caps during melting, and found them to agree with the known 
positions of canals. 

Professor W. H. Pickering had noted in 1892 that there were dark spots 
at the junctions of canals which he called lakes. Lowell has confirmed 
these, but calls them luci, as suiting better their supposed character. The 
following quotation describes the colour changes that he has noted, which 
would certainly accord well with the vegetation theory: 

“Of the large dark patches ... the distinctive colour is blue-green. The 
tint deepens or lightens according to the season of the year, and in the 
antarctic regions fades in autumn to an ochre. For the greater part of 
the time ... the robin’s-egg blue is characteristic, and counterparts the tint 
which our forests take on, seen through a veil of intervening air. ... I was 
surprised to note (on April 19, 1903) that the whole of the Mare Erythraeum 
to the south of the Syrtis showed a chocolate-brown, while the Syrtis appeared 
as usual ... it was as if a brownish screen had been drawn over all the 
region.” 

Difficulties of Lowell’s Theory.— Lowell’s theory is plausible, 
but there are some difficulties. Thus* the polar cap must be very thin, 
from the rapidity with which it melts, and it is difficult to ims^ine that 
it could give enough water to irrigate the whole planet Moreover, the 
water could not flow over the same r^ons from both the north juid MUth 
poles, unless it were artificially hd^ by pumpu^ oper^om. ' The. 
theory really implies the presence of intelligait inhabitants who hive 
carried out a vast scheme of irrigation. Another difficulty is to see 
how sufficient vapour could arise into the air to replenish the polar 
caps, for some water would be absorbed into the soil, and some would 
enter into chemical combination, and cease to exist as water. Such 
a process of desiccation is going on upon Earth, though its effects are 
not very noticeable. Mars may well be older than the Earth, in which 
case the desiccation would have advanced further. Hence, if we grant 
the intelligent inhabitants, the necessity for great irrigation works is 
quite reasonable. 

Crawford’s Theory.— We now pass to th$ othn* extreme hypothesis 
that the planet is a dead frozen world — a view which is embodied in a 
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paper by Mr. Robert Crawford. According to him, any water on tiie 
planet exists in the form of a mineral as hard as ironstone. The white 
deposits that cover laige regions, such as Hellas, during the winter season, 
he supposes to be carbon dioxide, which would be precipitated at a tem- 
perature of about — lOo” C. at the low pressure prevailing there. He 
suggests that the polar caps may be frozen air, though he seems to 
overlook the effect of the very prolonged sunshine at the poles, rendered 
mcm intense by the slight absorption of the planet’s atmosphere. He 
novd suggestion for the canals, that they are lines of surface 
in l(^-lyh^ mist He has seen similar lines in the vapour over 
a warm liquid, and noted that the lines returned to the same position 
whoi blown aside, by some process that he compared to crystallization. 

Green and Molesworth’s Theory.— Another view of the canals 
is that they are the edges of regions of slightly different tone of shading. 
This was suggested by Mr. N. £. Green in 1879, and is probably true for 
some of them at least Captain Molesworth says: 

“ I have come to the conclusion that in the great majority of cases the canals, 
especially the fainter ctoes, are the slightly darker borders of very faintly shaded 
areas. In some cases no true canal is visible, but simply the outline of a shaded 
area. But there is generally a distinct bounding streak darker than the area.” 

This view is shared by M. Antoniadi, who, however, shares Mr. Lowell’s 
view of the “ seas ”, and remarks : 

“ We can . . . consider the vast yellow expanses as being deserts; the dusky 
areas corresponding apparently to plains covered ^ith water, and extensive tracts of 
v^etation, whose colour varies in fair accordance with the rigours of winter, the 
return of spring, or with the scorching radiance of a summer sun ”. 

We may then take it as established that Mars illustrates planetary 
decrepitude. 


CHAPTER V 
THE MOON 

A Dead Wojild. — ^There is one more world to consider before we 
leave the solar system. This is the Moon, a world so near us that we can 
study her surface with an exactness impossible elsewhere. She is evidently 
a practically dead world; if any changes at all are in prc^^s, they are on a 
very small scale. It is, indeed, doubtful whether the Moon has ever lived 
in the sense in which the Earth does now. She has been the scene of 
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tremendous activity, but of a volcanic kind, and has probably never been 
the abode of any organisms, either animal or vegetable, similar to those on 
Earth. 

We shall see later that the Moon is probably the Earth’s offspring, 
having been separated from it by solar tides at a time when this was still 
intensely hot, and rotated much more rapidly than now. Mr. S. A. 
Saunder gives strong reasons for thinkii^ tiuit the Moon would only carry 
away one seven-hundredth of the air (which at thait time probably inqludi^ 
the water in the form of vapour), and that evm that small aihoimt . 

lost, either through absorptimi into the crust or by aptici^; 

says that all geol<^sts who have studied the Moon (Professors Bede^ 
and Shaler are especially mentioned) are confident that there is no sig^ of 
aqueous laction: 

“ What were called the seas showed no sign of ever having been water, and the 
crevasses (rills) showed no signs of ever having been river beds. Anyone who 
studied the subject would notice the great sharpness of the ridges, the steepness of 
the slopes, the want of rounding of the hills.” 

Nevertheless the study of the Moon is interesting and profitable, as 
illustrating volcanic action far more potent than any now to be found on 
the Earth, but such as may have existed here in earlier times, of which the 
traces have been destroyed by denudation. Proctor .seems to have been 
the first to suggest this, and his view has been extended by Professors 
Shaler and W. H. Pickering. 

Absence of Air Proved. — Before commencing a description of the 
Moon’s surface, it will be well to g^ve the decisive proof that she is practi- 
cally airless. This is based on the principle of refraction of light It is 
found by measurement that when a heavenly body seems to be on our 
horizon it is really 34 minutes below it, the rays being bent through that 
angle by our air. If we ims^ine a ray just grazing the Earth’s surface and 
then continuing its course out of the atmosphere, the total bending would 
be twice the amount, or 68 minutes. Now, when the Moon passes over a 
star, it disappears instantaneously, and the discussicHi of a large number of 
such occultations gives a very accurate value of the' Moon’s apparent dia- 
meter, for the effects of local irr^^larities would be smoothed out in the 
mean. Dr. Struve has deduced in this way the value 1 5' 32.65' for the semi- 
diameter. Now it will be noted that the ray from a star at the moment of 
occultation is just such a grazing ray as we imagined above, and if there 
is any refraction by a lunar atmosphere it will show its presence by the 
occultation diameter being notably smaller than that measured directly. 
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Mr. Cowell has deduced, from iifly years’ observations of the moon at 
Greenwich, the value 15’ 33./' — about i second greater than Struve’s value. 
Some of the excess is known to be due to irradiation, a physiological 
phenomenon which causes all bright objects to look slightly too large. 
The amount of 'refraction of a ray grazing the Moon’s surface cannot 
exceed f second, i.e. one-five-thousandth of the amount on Earth. This is 
barely distinguishable from that given by a perfect vacuum. Nevertheless, 
several most skilled observers have in recent years detected evident signs 
of mist or hoar frost in certain regions. These can scarcely indicate a 
continuous atmosphere, but are probably local discharges produced by the 
heat of the sun. 

Rotation Synchronous with Revolution.— One of the first 
thingfs that we note in examining the Moon is that she always turns the 
same face to us; in other words, her rotation time is equal to her time of 
revolution. This exact coincidence cannot be accidental; indeed, there is 
no doubt that it was brought about by the tides raised by the Earth in past 
ages. These tides do not imply oceans; they may have been in the molten 
surface, or possibly bodily tides in the crust. The maintenance of the 
relation proves that the diameter pointing towards the Earth must be 
slightly longer than the others, but the difference is probably only a 
fraction of a mile. The polar flattening is insensible, which is a natural 
consequence of the very slow rotation. 

Before proceeding to a description of the Moon’s surface it is well to 
beg^n with a warning that even with the highest powers of the finest 
telescopes it is still at a naked-eye distance of about 150 miles, so that 
it is impossible to make out very minute details, such as the nature of 
the rocks; though, by taking advantage of the long shadows that accom- 
pany a low sun, it is possible to discern very slight inequalities of level. 

The Maria. — Even with the naked eye we can plainly see a number 
of dusky markings on the disc. Galileo, who first applied the telescope to 
astronomy, gave to them the designation " Seas ” {Maria), though it is 
doubtful whether he really imagined them to be water; at all events the 
increase of optical power quickly decided in the n^ative, since inequalities 
of a permanent character are visible upon them. The idea has, however, 
been entertained by many that they were the dried-up beds of ancient seas. 
They undoubtedly possess some features that do suggest this view. Thus 
we can frequently see ruined crater walls near their edges, and faint 
remains of old formations are traceable on their floors, as though covered 
by sedimentary matter. As a typical instance of the first we may mention 
Fracastorius, half of whose wall has been destroyed by an inundation of 
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some liquid matter; for the second we select two instances from a list 
prepared by Mr. W. Goodacre: 

“Near Enck^ on the border of Oceanus Procellarutn, are the remains of 
four obscure ring plains. ... An observation by Mr. C. F. Spiith, 1898, Jan. 9, 
shows a number of oval light markings on the surface of Sinus Iridum, which gave a 
strong impression that they are the remains' of once prominent ring plains, whose 
walls have been overwhelmed by the matter which forms the present surface.” 

The Bolide Theory. — It is not, however, necessary that water 
should have been the denuding agent; more probably it was liquid lava. 
The formation of the Maria cannot have been at a very early stage of the 
Moon’s history, in consequence of their covering the ruins of so many prior 
formations. Professor Shaler, whose views as a geologist are particularly 
interesting, adopts the view {bolide theory) that they were made by the 
sudden descent of large meteoric masses on the surface, producing such 
a high temperature that it was immediately liquefied and reduced to a 
highly fluid state. He thus accounts for the peculiarities of the Maria — 
the general level of their surface, the destruction of formations on their 
floor, the onward sweep of the liquid till it reached some high barrier, which 
it often partially melted down before it came to rest. 

If the lava flow came from the interior, as in an eruption, we should 
expect to And a steep edge to it, as in terrestrial lava flows, but none such 
can be detected. Shaler further points out that where there are depres- 
sions in the area on the border of the Mare the material flows into them, 
as a fluid would have done. All this points to greater fluidity than seems 
to have been the case in the lunar volcanic eruptions, and implies an 
external source. 

Objection to Bolide Theory. — The only difficulty about this 
bolide theory is that there are certainly no bodies of sufficient size (say 
5 or 10 miles in diameter) now moving so as to meet the Earth or Moon. 
The nearest approach to them is Eros, perhaps some 20 miles across, 
coming within 14,000,000 miles of us. But the active epoch on the Moon 
carries us back to a very early stage in the histoiy of the system, when 
there is good reason to think there were many such bodies, which have 
since then coalesced into the planets; such bolides may have also fallen 
on the Earth, but all traces of the fail have been obliterated by the various 
erosive c^encies at work here, which do not exist on the Moon. 

Grouping op the Maria — ^There is one rather noteworthy feature 
about the grouping of the Maria — ^they seem to cluster towards the centre 
of the visible hemisphere. Mr. Maunder suggests from this that they have 
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been produced by some terrestrial tidal action. Professor Shaler agrees as 
to the fact, and considers that none of the Maria teach as far as the visible 
limb, so that the unseen region may have none of them. On his theory 
this would seem to imply that the mare-producing bolides were Earth- 
born. Many astronomers have thought it probable that in its early days 
the Earth may have expelled meteors, and that a large proportion of those 
^at reach us are her own children ; but it is doubtful whether any of these 
were large enough to have produced the Maria. 

The Crater Mountains or Vulcanoids. — We pass now to the 
crater mountains^ which are very numerous and of all sizes, from such 
mighty rings as Tycho and Copernicus, 50 miles in diameter, down to tiny 
pits less than a mile across. Professor Shaler groups them all under the 
name vulcanoids, meaning to imply their volcanic origin, and yet an essen- 
tial difference from terrestrial volcanoes. This difference arises from the 
absence of water, which nearly all geologists agree to be an important 
factor in our eruptions, the explosive nature of which is due to infiltration 
of water, which is violently turned into steam by the high temperature 
within the Earth. 

Terraces of Craters. — We should therefore expect less violent 
eruptions on the Moon, and a less energetic flow of lava, in consequence 
of diminished gravity. This cause would render the lunar lava more viscid, 
and diminish the tendency of imprisoned gases to escape from it. The 
successive terraces in the crater walls are supposed to arise from successive 
flows of this viscid lava, which could come to rest at a much higher slope 
than is possible here. 

Evolution of Vulcanoids. — Shaler thinks that the vulcanoids 
b^an’as dome-shaped elevations, such as occur in numbers elsewhere on the 
surface. When distended beyond its strength such a dome would collapse, 
leaving a pit, the lava from which would produce the ramparts. At a 
later stage, when the activity was declining, the flow would not be vigorous 
enough to reach the rampart, but would form rude heaps in the centre of 
the ring — the “central cones” that are a characteristic feature of the great 
craters. There seems to be no evidence of any lava flows outside the 
craters of the vulcanoids, probably because the lava was too sluggish to 
break' through any obstacle. The much higher fluidity of the Maria 
permitted their materials to invade ne^hbouring craters, notably Plato and 
Grimaldi, which share the dark colour of the Maria they adjoin, though 
no connection can now be traced. 

Yo«G-coNTra\3ED Volcanic Action.— The period of volcanic 

activity must have lasted a long time, for we can clearly trace the signs 
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of successive outbursts, one of the clearest cases of tire kind betn|r 
pair of great craters Theophilus and Cyrillus. It is evident at once that 
Theophilus is newer, and that it has invaded and partially destrc^ed the 
older ring. The relative newness is shown by the grater sharpness of 
the terraces, those of Cyrillus having a worn and dilapidated appearance. 
It is to be noted that in spite of the absence of aqueous and atmospheric 
denudation there is undoubtedly an agency at work which might produce 
a gradual change in some of the details. 

This is the great difference of temperature between day and night; the 
latter temperature must be very near the absolute zero (—273° C.), while 
that in the daytime is at least 250 degrees higher. In fact. Lord Rosse’s 
measures made it as hot as boiling water, but those of Langley, which 
are probably more accurate, make it near the freezing-point. Such a 
wide range must cause considerable expansion and contraction, and might 
readily cause the fall of some steep slopes. The phenomenon known as 
"creeping” might also occur, which would cause the slopes to gradually 
work downwards. 

Probable Changes of Linn£. — There is strong evidence for at least 
one change of the kind within recent times, ix. in the crater Linnd Lohr- 
mann says; "The second crater on the plain . . . with a diameter of 
somewhat more than one German mile, is very deep and can be seen in 
every illumination ”. Beer and Madler selected it as a point of the first 
order in their survey, and describe it as i| German mile in diameter: 

“ Near the Full Moon it was a white spot, almost as white in the middle as at 
the edges. . . . The deepness must have been considerable, for I have found an 
interior shadow when the sun had an altitude of 30 degrees.” 

The first announcement of a change was made in 1866 by Schmidt, 
who says: 

"I missed Linn^, or rathdr its crater form, which at that time ought to have 
shown with especial distinctness and deeply shadowed ”. 

Since then the appearance has been a whitish cloud, with faint ridges 
indicating a large ruined ring, and a very small crater within the oval. 
There would be no doubt of a change but for a rather vague description 
by Schrdter in 1788, which seems to agree rather better with the modern 
aspect. Even Shaler, who is reluctant to admit any change in recent 
times, remarks: 

“ I am inclined to think that the case of Linn^ is the strongest, and that the 
walls of that vulcanoid may have . . . fallen into the original cavity, so as to leave 

only a small pit unfilled ”. 
vor.. I. 
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TJie white ipbt n^inid Lihni u intere^jog at being <Mle of the r^io 
' wi^clh JPtic^bstpr W. H. Pickoirig tnicee the depoiit of hoar frost He fine 
tibat the size of the spot varies r^larly during the lunar day, and thaf 
it is also modified by eclipses, whidi seems to imply a temperature effect 
He even suggests that certain variable dark spots near the places where 
the vapour is supposed to issue may be a low type of v^etation supported 
by these vapours; but this is extremely speculative. 

Changes in the Twin Craters Messier.— A nother case of sup- 
posed variability is that of the twin craters Messier, which are said to 
undergo a cyclical change of shape in the course of a lunar day. It is 
not certain that the change is more than optical, but if real it may arise 
from the expansion and contraction of a great mass of rock so balanced 
as to be free to slide to and fro. 

The Great Mountain Ranges. — Besides the vulcanoids there 
are several continuous ranges on the Moon. Many of these are giveir 
terrestrial names from a supposed resemblance, which is not, however, 
borne out on a closer study. Thus we have the Alps, the Apennines, 
and the Caucasus. Professor Shaler classes these with the lumps of lava 
on the floors of the vulcanoids, concluding that they belong to a late 
period of eruptive activity, when the lava was too viscid to flow at all, 
but remained in great shapeless lumps just as it was extruded. They 
seem in some cases to have destroyed vulcanoids, showing their more 
recent date, while the few smaU vulcanoids to be found among them, 
such as Conon in the Apennines, may have arisen from a slight recru- 
descence of the earlier form of activity. 

Pressure Ridges and Faults. — The only form of lunar mountain 
in which Shaler admits a terrestrial analogy are the long, low, curved ridges 
which occur on the floors of the Maria; these from their shape at once 
suggest that they are pressure ridges, caused by the cooling and contrac- 
tion of the crust. This action in other cases led to faults and valleys, 
such as the Great Valley of the Alps. This is 8o miles long and about 
4 miles wide, having very steep, nearly straight walls, exhibiting none 
of the rounding, scouring action that water produces in our valleys. The 
so-called Rills seem to be similar faults on a smaller scale; there is one 
notable case where the two sides of the fault differ looo ft in altitude; 
this is the Straight Wall of Thebit, which runs in a straight line for more 
than 6o miles. 

The Bright Rays. — The contraction and cracking of the crust may 
also be responsible for the great systems of Bright Raj's, the most perplex- 
ing of all the lunar features. These extend radially fi'om a number of 
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litres, such as Tycho, Copernicus, Kepler, &c. Those of Tycho are far 
the most extensive, one ray going a^cross the Mare Serenitatis and to the 
edge of the disc, a distance of 2000 miles. They run indiflerently over hill 
and valley, mare or bright region, showing their late date, since if earlier 
than the other formations they could hardly fail to have been obliterated by 
them. It was long ago suggested that they bore a resemblance to cracks 
in glass or some similar material, through which vapours from the interior 
might have exuded, which condensed into ciystals on the ground; and 
this idea, though modified in the details, still remains the best explanation. 
Professor Pickering has noted that the very long Rays are broken up into 
sections divided by craterlets, which he supposes to mark the limits of 
successive stages* of the cooling and cracking process. The continuation 
of the previous crack would be a line of weakness, just as a split in wood 
is likely to extend itself in the same line. One feature of the Rays is that 
they are inconspicuous when the Moon is young, and gradually become 
more conspicuous as she waxes. This supports the crystalline nature 
of the formations, since the crystals would not reflect light equally in all 
directions, but in certain definite ones. 

Mr. Tomkins has recently noticed deposits of salt in India which seem 
to present similar features on a smaller scale. M. Trouvelot observed that 
several of the Rills are continued beyond their extremities by thin white 
lines. This suggests that the vapours emerging were not sufficiently con- 
densed where the Rill was wide to form a visible deposit, but could do so 
at their narrow extremities. * 

In the survey just given of the Moon’s surface. Professor Shaler’s 
theories have been closely followed, not as being the only tenable ones, 
but because they form a consistent whole, and are at least as probable 
as any other. They are, further, the work of an eminent geologist, and 
therefore inspire considerable confidence; indeed, there is only one point 
open to serious criticism, that is the invoking of external bodies (the 
supposed bolides) to account for the Maria. 

There is one puzzling question raised by Professor Shaler, ije. how is 
*' diat the fall of meteors on the Moon, which must be as dense as those 
falling on the Earth, has not covered all the markings with a veil and 
obliterated the differences of tint? It has, however, been calculated that 
even if the atmospheric density at the surface be only of that on 

Earth (a quantity which it may well exceed), then, since the rate of decrease 
is so much slower than on the Earth, at a height of something over 40 
miles the densities of the atmospheres would be equal, and at still greater 
heights that of the Moon would be the denser. Now most of the meteors 
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cmi'.aif are coini^tetdy burnt up at grc^tor be^^ts than thi%| 
80 diat the thin lunar atmosphere may actually be.as effective for stof^pkii^ ] 
meteors as our own. Of course most of the dust would in time settle down ' 
on the surface, but in su£h an impalpable form that it might be difficult to 
trace its presence. 

Conclusion of Survey of Solar System.— We have now com- 
pleted our survey of the Solar System, in which our object has been to note 
those features which seemed to throw light on the manner of development 
of the different worlds. We have seen that they are at various stages of 
growth, from the Sun, which is still an infant in development, though 
doubtless the oldest of all in absolute j^e, through the giant planets, which 
are a few stages more advanced, to our own Earth in middle age. Mars, 
which is probably in decrepitude, and finally the Moon, which seems to be 
a dead world. 


CHAPTER VI 
THE STARS 

Other Suns than Ours.— It will be remembered that we made 
a comparison between the different worlds and the trees of a forest. To 
return to this figure, we may liken the Sun to a tree which has a number 
of shrubs and smaller plants growing around it, some just putting forth 
their leaves, others in full flower, others dying, and a few dead and 
withered. Now we shall suppose that in the distance we can see a number 
of other large trees, too far away for us to study in detail, or to see the 
smaller plants growing around them. Yet it will be profitable to examine 
them, for it is the only way in which we can hope to gain any experimental 
knowledge of the growth of large trees, since our time of observation is too 
limited for us to hope to see any change in the separate trees while we 
watch them, but we may expect to see specimens at various stages of 
growth, and possibly to detect different species, which pass through similar 
but not identical stages. 

Fixed Stars and NEBULiE.— The Fixed Stars offer a close analogy 
to these distant trees, and we turn to them to sec what light they can 
throw on the Sun’s past and future. In the same region we shall find 
the Nebulae, which seem to be inchoate systems at the very outset of their 
career. 

The Universe of Stars.— The Solar System, huge as it is, is sur- 
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roumied by such a Wy mudi terger region of empty space Oial 
small in comparison. It Has been likened to rni oasis i mife across in 
desert twenty times the size of the Sahara. B^ond this great abyss lie 
the Fixed Stars, so called because the ancient observers coUld detect no 
change in their configuration. They, of course, noted the daily rotation of 
the star sphere and the precessional change, which causes the pole of rota- 
tion to slowly sweep out a circle in a period of about 25,000 years; but 
these were only caused by the Earth spinning and reeling like a mighty 
top, and did not involve any shifting of the stars inter se. 

Immense Distance of the Stars.— The absence of such shift was 
felt to be a serious difficulty in accepting the Copernican doctrine that the 
Earth was revolving round the Sun, for it 
implied that the stars were at an almost 
inconceivable distance. As observing 
methods became more precise, constant 
efforts were made to detect such a shift, 
but these efforts, though rewarded by 
many interesting discoveries — such as 
aberration of light, nutation or the nod- 
ding motion of the Earth’s axis, and the 
revolution of double stars, — long remained 
abortive in this special respect. To point 
out the full significance of their failure, it 
should be explained that the base avail- 
able in this problem is not merely the 
diameter of the Earth, as it was in finding the Sun’s distance. Once 
that distance was determined the diameter of her orbit became available, 
giving a base of 186,000,000 miles; yet even this huge base is as nothing 
compared with the stellar distances, and in only a few cases have we even 
now been successful. 

The Nearest Stars. — Bessel was the first to touch bottom in the 
sounding of this ocean of space; he detected that the star 61 Cygni ap- 
peared to describe each year a tiny ellipse about f second in length, imply- 
ing that its distance is 500,000 times that of the sun, ix. 47,ooo;ooo,ooo,ooo 
miles, a distance of which we can form some conception by noting that 
light, which takes 8^ minutes to travel from the sun, takes four hours from 
the outermost planet Neptune, but eight years from the star in the Swan! 
Such is the character of the interval between star and star. It has now 
been found that there are a few somewhat nearer to us, our nearest neigh- 
bour being Alpha Centauri (fig. 6 ), a bright star too far south to be visible 
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Fig. 6.— Diagram showing the Southern Qross 
and part of the Centaur. These stars are in- 
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in Europe, which is half the distance of 6i Cygni, or four years of light 
journey. At such gigantic distances it is obvious that the stars cannot 
shine like the planets, merely by reflecting the Sun’s light. They are, in 
fact, the peers of the Sun, many of them greatly exceeding him in splen- 
dour, and perhaps forming the centres of still grander retinues of worlds. 

The Number of the Stars. — The stars of heaven have for ages 
stood as the symbol of an innumerable host. The number visible to the 
naked eye at once is, however, sm.aller than is usually imagined, and seldom 
exceeds 2000. If we include the whole sphere, the number that can be 
seen by a normal eye is about 5000. The slightest increase of optical 
power greatly increases this number, and it is estimated that the number 
visible with our laigest telescopes lies between 100,000,000 and 1,000,000,000. 
The problem of ascertaining their constitution and motions is thus a 
gig^tic one, which we can never hope to accomplish in its entirety. Still 
there has been immense progress, more especially since the introduction 
of the camera and spectroscope, and discoveries have been niade which 
would have been deemed impossible a century ago. 

Brightness and Colour of the Stars. — The most casual inspec- 
tion of the sky shows that “One star differs from another star in glory”; 
there is a difference both in brightness and in colour. The former may 
arise either from difference in the distance or in the real light power; we 
cannot say which, unless the distance has been measured. We are on safe 
ground in saying that fainter stars are on the average the more distant, 
but we cannot rely on this in individual cases, since there is known to be 
a very wide range of real lustre. The colour difference is independent 
of distance, and forms a most valuable criterion of the star’s condition, 
and the stage of growth that it has reached. The spectroscope is here 
an invaluable aid, for it analyses that colour difference and shows how it 
arises. 

STELLAR TYPES 

Helium and Sirian Type. — Stars have been divided into a number 
of types, according to the character of their spectra. Type I consists of 
bluish-white stars, of which the most conspicuous example is Sirius, the 
brightest of all the stars. Their spectrum is much simpler than that of 
the Sun, and evidently they possess atmospheres which have but little 
absorptive power, with the exception of the absorption lines of hydrogen, 
which are marked with extraordinary distinctness. Owing to the slight 
absorption the spectrum can be studied far down beyond the violet, and 
a series of hydtx^n lines has been found here, making with those in the 
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visible spectrum a remarkable rhythmic series. The helium stars form 
a sub-class of Type I ; they show plainly the lines of the gas helium, long 
known to exist In the Sun’s surroundings, but only lately found on Earth. 
The fact that this gas is one of the emanations of radium makes its 
presence in the stars of special significance, for it may be the source of 
some of their immense stores of energy. Professor Newcomb, in his 
The Stars, a Study of the Universe, gave a remarkable prediction of the 
discovery of the radio-active substances: 

“What we see must therefore suggest at least the possibility that all shining 
heavenly bodies have connected with them some source of energy of which science 
can as yet render no account. Facts are accumulating which converge to the view 
that forms of substance exist which are neither matter nor ether, ... in which is 
stored an almost exhaustless supply of energy.” 

Solar Type. — Stars of the second type have a golden tinge; to this 
our own Sun belongs, so it is sometimes known as the solar type. The 
golden hue is due to a smoke veil, or obstructing layer in their atmosphere, 
which absorbs much of the violet light. It follows that since more of the 
light of solar stars is stopped by their surroundings, if a sirian and solar 
star appear to us equally luminous the latter is likely to be more massive 
(the distances being supposed equal). This is confirmed in the case of 
those stars whose mass we can find by the presence of a companion 
revolving round them. Thus Sirius is ^bout eighty-three times as bright 
as our Sun would appear at the same distance, but only twice as heavy; 
while Alpha Centauri seems to be like our Sun in all respects — spectrum, 
size, mass, and density. Arcturus and Aldebaran are examples of Type II, 
but the spectrum of the latter is modified by the great absorption at the 
violet end, which gives the star its decided red colour; it appears in con- 
sequence much fainter in photographs than to the eye. 

Red Stars of Third Type. — We now come to red stars proper, 
which are divided into two classes. Both have banded spectra, but the 
bands are of different characters. The third type are sometimes called 
after Antares, their principal member. They resemble Type II in having 
many metallic lines, those of calcium, iron, sodium, and magnesium being 
conspicuous; but superposed on these are a series of dark bands, with 
sharp edges towards the violet, and shading off gradually in the other 
direction. Professor Fowler found in 1904 that most of these were due 
to oxide of titanium. Many of the Type III stars are variable, and it is 
probable that they are nearing the end of their career as suns and that 
their fires are b^inning to flicker. 
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Red Stars of Fourth Type. — The stars of Type IV are intensely 
red, and all faint. Their spectra are likewise banded, but the gradation 
of the bands is in the other direction, being sharp at the red end. These 
bands are due to carbon and cyanogen; the spectra also contain some 
bright lines, indicating the presence of some intensely glowing gases in 
their atmospheres. Professor Hale thought that Types III and IV were 
two alternative routes along which stars might pass to extinction, but 
Miss A. Clerke gives a good. reason against this view, ix. that Type IV 
stars are not scattered uniformly over the sky, but are strongly condensed 
towards the “ Milky Way ”, a region which we have reason to think is very 
remote. This seems to show that the stars of that region end their career 
as suns in a different manner from orbs in our neighbourhood. 

Fifth and Sixth Types. — ^Types V and VI seem to consist of stars 
at a very early stage of their career that are still largely gaseous. This is 
shown by their spectra containing vivid bright lines superposed on the 
continuous spectrum. In Type V the lines brightened are chiefly those 
of hydrc^en and helium, and the brightness is subject to capricious 
changes, the cause of which is unknown. Type VI, like IV, is confined 
to the Milky Way, thus again implying that stars in that region of space 
are differently constituted from our neighbours. Stars of this type show 
some bright lines in the blue and yellow, one being identified with 
hydit^ien by its relation to the rhythmic series, though terrestrial experi- 
ments fail to show it, so that it .indicates some conditions unknown on 
Earth. Mr. M‘Clean detected the lines of oxygen in Gamma Velorum, 
the brightest star of this type. It is curious that this gas, so common on 
Earth, very rarely leaves its traces on celestial spectra; a trace of it is, 
however, found in the solar spectrum. No metallic lines are seen in 
Type VI spectra, which probably denotes a very early stage of develop- 
ment 

NEBULiE 

Nebula with Central Star. — We now come to the cla.ss of 
Nebulae, which in its turn has many subdivisions. There are some small 
round bright nebulae that seem almost stellar, with a star in the centre. 
It was the discovery of one of these in Taurus that led Sir W. Herschel to 
the idea that a shining fluid exists in space., Science abandoned this view 
for a time in favour of the idea that the ndl>iike wim all clusters too remote 
for the separate stars to be seen. however, has been 

demonstrated fay the spectroscope. 
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Spiral Nebulae.— These constitute an especially important class. 
Before the camera was applied, one specimen was known, the Great 
Spiral in Canes Venatici. Photography revealed the true structure of 
the Andromeda Nebula, showing that it was a magnificent spiral seen 
obliquely. Since then phot(^aphs taken with the Crossley reflector at 
Mount Hamilton show that spirals are to be counted by the thousand, 
and we seem to see in them the actual process of formation of worlds and 
systems. It would appear that the original hypothesis of Laplace, of a 
great nebulous sphere shedding successive rings, must be abandoned. We 
see an immense flat disc split up into concentric whorls, some of which 
have already separated from their parent, and appear as independent 
nebulae, a process which we may presume will continue till the whole is 
thus distributed into planets like the solar system on a grander scale. For 
our system, at the distance of the nebuls, would appear as an insignificant 
point, while some of them are of great apparent size. 

Irregular Nebulae. — The status of these is doubtful. They assume 
all manners of fantastic forms, and in many cases have received names to 
match, thus we have The Crab, The Owl, The Dumb-bell, The Keyhole, 
The America (which bears a strong resemblance to the map of North 
America), and The Spindle, The most remaikable of all, the Great 
Nebula in Orion, has a portion known as the “Fish’s Mouth", a curious 
dark indentation containing a trapezium of stars, whose connection with 
the nebula is supposed to be real, not merely optical Even with slight 
optical means the splendour of this nebula is evident, but the camera has 
extended it enormously. Professors Pickering and Barnard have obtained 
photographs showing “ An enormous curved nebulosity encircling the belt 
and the great nebula, and covering a large portion of the body of the 
Giant". In comparison with this the old trapezium nebula "is but a 
pygmy". 

Immense Size of the Orion Nebula. — Professor Pickering con- 
jectures that the Orion nebula is looo light-years distant from us, in 
which case the diameter of this stupendous whorl is some 240 light-years, 
a magnitude too great for the mind to grasp. It is difflcult to imagine 
that the central nebula can have sufflcient mass to control the outliers at 
this huge distance, so that the object is probably undergoing disintegration. 

Toil I 
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The central portion has a complicated filamentary structure, showing that 
energetic processes are at work, but we can form no conception of what 
their outcome will be. From the character of the spectrum Dr. Scheiner 
deduces that both the density and the temperature are exceedingly small; 
the luminous glow may indica^ electrical action. 

' That shining is not a necessary attribute of nebuls was shown by the 
nebula round Nova Persei in 1901. This expanded so rapidly that it 
evidently could not be an actual motion of matter, but probably successive 
r^ons of the nebula (which already existed in a dark condition) were 
made to glow as the radiations of the outburst reached them, dying out 
again when it had passed. Another indication of dark nebulosity is 
perhaps shown by the lanes void of stars which are seen near many 
nebulae. These may indicate non-luminous matter, which is, however, 
capable of stopping light. We camnot tell whether all nebulae will be 
transformed into systems of worlds, or whether only a small portion of 
them are destined for this end. In the case of many of the irregular ones 
it is at least difficult to see any traces of a tendency in this direction. 

DISTANCES AND MOTIONS OF THE STARS 

Slowness of Movement. — We now know that the designation 
“ Fixed Stars ” is not strictly applicable, but the motions of these bodies 
are so slow that they can only be detected by refined observations. We 
now possess accurate observations covering 150 years, beginning with 
Bradleys work at Greenwich, and the motion of some stars in this 
interval is considerable. For example, Arcturus moves 2 \ seconds a year, 
and has moved degree since the time of Hipparchus, so that were he 
to view the heavens now he might detect the shift even with the naked 
eye. A few stars have more rapid motions ; the quickest yet known is an 
eighth-magnitude southern star, which moves at four times the pace of 
Arcturus. These, however, are exceptional cases, and generally a century 
must elapse before a distinct shift can be detected. 

Use of Spectroscope. — These motions help us to form an idea of 
stellar distances. As a rule the more rapidly moving stars are the nearer; 
but this cannot be pressed too much, for the real rate of motion varies 
greatly. Of late years a new and powerful method has been used, t,e. thar 
of applying the spectroscope to examine the rate of approach or recession 
of stars by the shift of the lines of some known substance in their spectrum 
compared with that of the same substance on Earth. The value of the 
method is that it is independent of the distance of the object Naturally 
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attemiits have beoi haada to ea|Adn the atelhtf 
ones, by revolution round some central body; and it wto'lbr 
thought that Madler had found the centre in the group of the Pkdade 
But the idea has not stood the test of time, and it is now recognised that 
the plan of the stellar motions is less simple than this. It is not even 
certain that the universe of vitible stars is destined to keep permanently 
t(^ether. A few stars in it, notably Arcturus, have speeds of several 
hundred miles per second, which is probably too great for the other stars 
to control. 

Motion of tHE Sun— Star Drifts.— Another quest of astronomers 
has been to find the direction and rate of the Sun’s motion. We may note 
that this can only be done on the assumption that the group of stars 
employed for the purpose has no tendency to drift in one direction rather 
than another (in other words, that its centre of gravity is at rest). On this 
assumption Sir W. Herschel found that the sun is moving towards a point 
in Hercules, and many more recent computers have deduced a point in the 
same direction, but with decided differences according to the group of stars 
selected, showing that the initial assumption is not quite justified. During 
1906 Professor Kapteyn and Mr. Eddington have shown that the stars 
around us belong to two drifts, each of which has a general tendency 
to drift in a certain direction, though the individual stars have motions 
special to themselves in addition to this. 

The sun appears to belong to Drift II, which is mainly composed of 
stars with the solar type of spectrum, and in consequence the relative 
motion of Drift II is smaller. There are many instances of groups of stars 
travelling in company; thus, five out of the seven stars in the “Plough” or 
“Great Bear” are found to be fellow travellers, so that they have a real 
connection, not a merely optical one. The other two have an entirely 
difierent motion, so that in the course of thousands of years the group will 
quite change its appearance. Attempts have been made to find stars 
drifting in company with our Sun, but hitherto none have been found with 
rate and direction of motion near enough to his to show a close connection. 
If such stars exist, they would seem to have no proper motion, but a large 
annual parallax (as the shift produced by the Earth’s motion is termed). 

EXTENT AND SHAPE OF OUR STAR-CLUSTER (THE UNIVERSE) 

Grouping of Stars in Relation to Milky Way. — Proceeding to 
the question of the size and shape of tiie group of stars that fall within 
our ken, which we call the Universe, many computers have deduced that 
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the star density gradually increases as we pass from the poles of the Milky 
Way up to this zone. This is the case with bright and faint stars alike, 
and the inference is clear that this is not a small structure in our imme- 
diate neighbourhood, but the framework on which the whole visible uni- 
verse is built Counting stars of magnitude 9^ and brighter, there are 
three per square degree at the poles of the Milky Way, and the number 
increases steadily up to in this belt The Herschels made similar 
counts, including much fainter stars, and found 100 per square d^;ree in 
the first r^ions, 2000 per square degree in the Milky Way. 

It is probable from this that the crowding in this belt is not merely a 
perspective effectj but that space in that region is actually much more 
crowded with stars. This is confirmed by the phenomena of New Stars, 
which appear without exception in the Milky Way or its outliers. It is 
generally screed that these are due to some form of collision, and as stars 
in our neighbourhood are altogether too thinly strewn to give a sufficient 
number of such collisions, we again arrive at the conclusion that the r^on 
of space in question is much more densely populated. 

Dr. a. R. Wallace’s Theory. — It will be remembered that in 1903 
Dr. A. R. Wallace published an article suggesting that the Earth was the 
only planet in our system, and our system the only one in the univer^, 
suitable for the abode of intelligent inhabitants. The first point may be 
granted as not unlikely. As r^ards the second, it may be that the greater 
crowding of the Milky Way region, the different types of spectrum that 
prevail there, and the collisions that seem to occur pretty frequently, 
indicate that the orbs there present have a different part to play in the 
scheme of creation from our own Sun. But to say that the central 
situation of the latter is unique is quite unwarranted by the evidence; we 
do not know that it is in the exact centre, only that it is towards the 
“Midland Regions”. There are thousands of other stars with an equal 
claim to centrality, and many of these seem from their spectra to closely 
ramble our Sun. In short, while the evidence justifies us in saying that 
the conditions for habitability by higher forms of life are somewhat ex- 
ceptional, it by no means justifies us in asserting that they are only present 
on this one world in the universe. 

Star Density of the Universe. — Professor Newcomb has en- 
deavoured to determine the star density in our region of space by a dis- 
cussion both of the parallaxes and proper motions. His conclusion is that 
there is, on the average, but one star in a volume equal to that of a sphere 
whose radius is 400,000 times the Earth's distance from the sun. A radius 
500 times this, or about 3000 light-years, would contain 125,000,000 stars, 
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which is probably as many as our best instruments would show, excluding 
the Milky Way. Hence the confines of our universe, except in the Milky 
Way direction, may not be more remote than this. The Milky Way itself 
is probably still more distant, and Professor Newcomb gives reasons for 
concluding that none of the stars in it have any sensible proper motions; 

' in other words, the stars which have a sensible motion are distributed 
uniformly round us, and show no tendency to concentration in the Milky 
Way zone. 

Brightness and Mass of Stars. — Some of the bright stars in this^ 
zone have no sensible parallax or proper motion, hence they are supposed 
to be at the distance of the Milky Way, and their brightness must be 
thousands of times the Sun’s. Among them are Rigel, Canopus, and 
Alpha Cygni. At the other extreme there are some faint telescopic 
stars with large parallaxes, whose brightness must be only about one* 
hundredth of our Sun’s, so that stars differ among themselves in bright- 
ness quite as much as planets do. Probably the range in mass is not 
quite so great as in brightness, as in the case of Sirius; yet it must be 
considerable. Surprising as it may appear, it is possible to find the masses 
of many of the stars, i.e. the double stars, which are so important that a 
section is devoted to them. 


DOUBLE STARS 

•Classes of Double Stars. — When it was first realized that the 
stars were suns, it was assumed that they were in all respects analogous 
to ours. Hence, when many were found to be double, it was thought 
that the duplicity was merely optical, one lying far behind the other. 
Sir W. Herschel’s measures proved,- however, that many of these pairs 
were in visible orbital motion. This opened out a new conception, and 
showed that our type of system, with one absolute monarch, was not 
the only one, perhaps not even the commonest one, for double stars are 
now numbered by thousands. They are divided into the two classes 
of visual and spectroscojinc. 

Spectroscopic Double Stars. — These have been discovered - by 
the character of their spectra. The lines in some cases double periodi- 
cally, in others show a periodic rhythmic shift. This can be completely 
explained in each case on the hypothesis that we have here a pair of 
stars so close t(^[ether that they cannot be seen separately. In the first 
ca% both are bright, in the second case one is obscure, but still suffi- 
ciently massive to cause the brighter one to move in an orbits and to 
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alter its speed of approach to, or recession from, our system, thus 
producing the shift in the spectral lines. 

Some pairs have nearly equal components, such as Alpha Centauri, 
Castor, and Gamma Virginis. Others, like Sirius and Procyon, differ 
enormously in brightness, but not so much in mass. Some pairs are so 
wide, and the stars so bright, that they can be seen double with very 
slight optical means, others tax our powers to the utmost. 

Periods of Revolution. — The periods of revolution vaiy from a 
few days (in the case of spectroscopic doubles) to five and a half years, 
that of the shortest visual double (Delta Equulei), some 350 years for 
Castor, some 800 for 61 Cygni, and doubtless thousands of years for 
others. To find the orbits, the observed positions are plotted in 
dic^ams and an ellipse drawn through them. This gives the apparent 
orbit, which is a foreshortening of the true orbit. To find the latter we 
assume that the laws of gravitation apply to these systems. This is 
not absolutely proved by the observations, but it is rendered a moral 
certainty. 

Eccentricity of Orbits. — One striking feature of the resulting 
orbits was first pointed out by Dr. See, i.e. that the eccentricity is much 
higher than in the planetary orbits. The latter have an average eccentricity 
of one-seventeenth, while that for the former is about one-half, or eight 
times the other. This cannot be an accident, and Dr. See is doubtless 
correct in ascribing it to tidal action. This would be very great in the 
case of two large orbs revolving almost in contact, and it has been proved 
that one of its effects would be to increase the eccentricity. The tidal 
effects in our system are much less potent, though even here they seem 
to have played an important part, notably in connection with the 
separation of the Moon from the Earth. 

Evolution of Double Stars. — We have already alluded to double 
nebulae, and it is probable that some double stars may have been formed 
in this way; but in the case of the 'very close pairs, especially those 
revealed liy the spectroscope, it is probable that the separation took 
place at a later epoch. The different forms which a rotating mass of 
fluid can assume under its own attraction have been studied by M. 
Poincar^. At first, when the density is small, the shape will be a spheroid, 
like Jupiter; then the flattening will increase, and at a certain stage an 
equatorial protuberance will be developed: 

“The larger part of the matter tends to approach the spherical form, whilst 
the smaller part projects from the ellipsoid at one of the extremities of the 
longer axis, as though it were trying to detach itself from the larger part of 
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the mass. It is difficult to state with certainty what will happen then if the 
cooling continues, but one may suppose that the mass will go on deepening 
its furrow more and more, and then it will at last divide itself into two 
separate bodies by the throttling of the middle part.” 

There is reason to think that some of the short-period variables 
exhibit the state of things that arises after a separation of this kind, i^. 
two egg-shaped bodies, revolving almost in contact, with the pointed 
ends of the eggs adjacent to each other. As they revolve they sometimes 
present to us the figure of a pair of spectacles, at other times that of a 
single round orb. Beta Lyrse is the best example, and R’ Centauri is 



Apparent orbit of Alpha Centauri, The same orbit corrected for foreshortening. The 

the Sun’s nearest Stellar neighbour stars were nearest to each other 1875, farthest 1835 

Fig. 7 • 


probably another. Tidal action will cause them to slowly separate, and 
will also make the orbit elliptical. It is quite possible that some of 
the variations of light in these cases may be due to the surging tides 
of fire sweeping over their surfaces, and causing their luminosity to 
change. 

Double-star Systems and Life. — It is quite unlikely that systems 
ruled by two or more suns can possess the stability necessary for planets 
supporting higher forms of life. Dr. See says of possible planets belonging 
to such systems: 

“ If planetary bodies revolved round either component they would experience 
great perturbations, besides the most violent changes of light and heat. It 
seems probable that ’ planets could not be formed without developing very 
eccentric orbits, and if once in existence it is questionable whether such 
bodies could endure under the violent perturbations to which they would be 
subjected at periastron passage.” 
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System of Alpha Centauri (fig. 7).— It may be of interest to 
describe in detail one or two binary systems, taking first our nearest 
. ne^bour, Aljdia Centauri. This consists of two suns, each very similar 
toJq^ hi size^ mius, brig^htnes% and colour. The eccentricity of their 
oridt Is on&>half; the average least, and greatest distance between diem 
bdi^ respectivdy 25^ 1 1, and 3$ times that of the Earth from the Sun. 
In other words, vriien nearest th^ are slightly farther apart than Saturn 
from the Sun, when most remote the distance between them exceeds 
Neptune’s distance from the Sun. We see the orbit foreshortened, the 
least apparent distance being i| second, the greatest 22 seconds. The 
period is eighty-one years, and th^ have now been accurately observed 

for a whole revolution. 

System of Castor (fig. 8). — 
Another very interesting system is 
that of Castor, consisting of two 
bright stars (of second and third 
magnitudes) which a small tele- 
scope will separate. The period 
is long, probably about 350 years, 
of which only one-half has yet been 
observed. In the last few years 
each star has been found to be a 
spectroscopic binary, with a non- 
luminous companion. These com- 
panions were discovered by Drs. 
Belopolsky and Curtis. The periods 
of the two members of each binary 
are about nine days and three days, 
the fainter star being thus some 
six times as massive as the bright, a relation which Mr. Lewis has found to 
exist in so many pairs that it seems almost to be established as a general 
rule. This is quite contrary to expectation, for we should expect the 
more massive orb to cool more slowly, and so to be brighter, but no clue 
has yet been arrived at to explain the anomaly. We can only roughly 
guess the distance of Castor. Dr. Curtis puts it at sixty-five light-years, 
which makes the total mass of the four orbs thirteen times the Sun’s; 
but the light of the bright pair would be 100 times his, so they would 
be relatively much more luminous, which is in accordance with their 
Sirian type of spectrum. 



Fig. 8.— Apparent orbit of the Double Star Castor (after 
I.«wis). Period about 310 years 
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appendages. Miss A. Clerke conjectures that this dusKu’ is ipo light- 
years from us, in which case some sixty of the group surpass the sun in 
splendour, the leader Alcyone no less than 170 times. The diaineter of 
the cluster would be five light-years. 

Globular Clusters. — There are many crowded globular clusters, 
and these are surrounded by long, curved star streams. These, as Miss 
Clerke notes, show the advance of change, either new stars being drawn 
in from outer space, or “full-grown orbs being driven from the nursery 
of suns in which they were reared, to seek their separate fortunes”. It 
is quite possible that some of the clusters may really consist of very 
minute stars, in which case they would be analc^ous to the zone of 
minor planets in our system. We are wholly ignorant of the conditions 
according to which in one case a single large orb, in another a multitude 
of small ones, is formed, nor do we know the destiny of the latter, nor 
how equilibrium is maintained in these clusters. Sir J. Herschel indi- 
cated a way by which stars uniformly distributed in a spherical cluster 
might all move in ellipses in the same period, but these conditions do 
not seem to be realized in the visible clusters. 

VARIABLE STARS 

The Algol Type. — We have already made allusion to these wonderful 
objects which undergo periodic fluctuations in their light. They are 
divided into those of long and short periods, and the latter are divided > 
into those where the variation arises from eclipse, and those where there 
is a true fluctuation of light Algol, or Beta Persei, is the principal 
example of eclipse variables, and gives its name to the class. Stars of 
this type are at their normal light the greater part of the time, but 
suffer a rapid temporary decline. It was conjectured that this was due 
to eclipse by a dark body very close to its primary, and coming between 
us and it in eadi revolution. 

This idea was first suggested by Goodricke in 1783, and was con- 
firmed a century later by Dr. Vc^l with the spectroscope. He found 
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that, besides its average approach of 2^ miles per second, it has an 
orbital motion of 26^ miles per second, receding before minimum, 
approaching after it Combining this with the duration of eclipse, he 
found the following demits of the system: Period, 68 h. 48 m. 55. s.; dia< 
meters of bright and dark stars, i,o6ofi6o wd 830,000 miles; distance 
betweim centi^ 3-,a30yooO miiles; masses, 4 and f of Sun's. The smaller 
body is hot necessarily quite dark, but its light cannot exceed i per 
cent of the laiger's, or there would be a secondaiy minimum when it 
passed behind the latter. 

The constancy of Algol’s light during the uneclipsed period seems to 
show that it cannot differ much from a spherical form, which is contrary 
to expectation in the case of two large orbs almost in contact. We 
have already described the Beta Lyrae type, where the variation is not 
caused by eclipse, but by the different presentation of egg-shaped bodies. 
Another type of variable has been found in great numbers in the star 
clusters. Their period is generally less than a day, the minimum pro- 
longed, and the rise to maximum extraordinarily rapid. No explanation 
of this type has yet been found. 

The Mira Type. — Long-period variables seem to form a .separate 
class, since there are hardly any with periods between 30 and 100 
days, after which the curve runs up rapidly, showing a strong maximum 
at the value 330 days; it then falls fairly rapidly to 510 days, above 
which very few periods are known. While “Algol” stars are generally 
white, of the Sirian type, long-{jeriod variables are red, with third -type 
spectra; the most wonderful star of the class is appropriately termed 
Mira Ceti. Miss A. Clerke thus describes it:- 

“Once in eleven months the star mounts up in about 125 days from below 
the ninth to near the third or even the second magnitude; then, after a pause 
of two or three weeks, drops again to its former low level in one and a half 
times, on an average, the duration of its rise. ... An extent of eight mag- 
nitudes may be assigned to the oscillations of this strange object, which 
accordingly emits at certain times fully 1500 times as much light as at others. 
That each maximum is a genuine conflagration has been proved by spectro- 
scopic observation; the conflagrations recur yearly, and, after three centuries of 
notified activity, give no signs of exhaustion I” 

At maximum there is a striking outburst of bright hydrogen line^, 
while the titanium flutings are very clearly marked. This is the most 
striking example of a very numerous class. The fact that the periods 
of so many of these stars are about a year is curious, and sug^;ests that 
the light variations may be due to a parallactic shift behind some opaque 
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screen, such as a nebula. In this case, however, the period would be 
exactly a year, and it also requires such an artificial arrangement that 
the explanation ^ not tenable. 

Analogy wiyh Sun-spot Curve.— S 
that stars this mm doulde awsuins 
deal orbits, and approach^ at., periastron 
members to collide. This may be the th 
but it is on the whole more probable that the seat co variation is v^in 
the star, and that we have an analogy in the Sun-spot cycle. It has 
long been recc^ized that their light curves were similar to the Sun-spot 
curve. Professor Turner has established this by harmonically analysing 
the curves. He finds the Sun-spot maximum corresponds to light 
maximum in the stars. It is necessary then to suppose that more light 
is gained by gaseous outbursts than is lost by the spots. The Sun is 
only an incipient variable, and its changes would have to be accentuated 
before they could be detected at stellar distances. Still, the suggestion 
of analogy is hopeful, and it is rendered more probable by the discovery 
of the titanium flutings in Sun spots. 

The Sun, it will be remembered, is of Type II, the variables of Type 
HI, but the boundary line is not veiy sharply defined. According to this 
theory the spottedness is likely to become more pronounced, though we 
do not know whether such intense light changes as those of Mira are 
reached by all stars or only by a few. If they are reached in our case 
they will probably render the system uninhabitable. 

Professor Turner has recently studied the analogy of the Sun and 
variable stars under another aspect. He recalls the changes of latitude of 
Sun spots that take place during the cycle, and points out that if we viewed 
these from a point distant from the Sun’s equator, the character of the 
variation would be modified. He has thus found that he can explain the 
different curves shown by the stars. These can be arranged so as to form 
a sequence according to the proportion of the waxing to the waning phase: 

*‘If one of the star’s poles were towards the observer, the &culse in high 
latitudes would be most obvious, the equatorial faculse being subject to fore- 
shortening and absorption. The minimum would then follow the maximum early. 
Conversely, if the star’s equator were towards us, it would be late.” 

He examines whether the hypothesis gives any clue to the general 
positions of the stars’ axes. A tendency to parallelism with the Milky 
Way is indicated: 

“We should then see stars equatorially in all directions, but we should not 
have a polar view of those lying near the galactic poles”. 
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This is found to agree with the facts, and the theory is full of promise 
but there is one remarkable diflference between the Sun and stars, t>. the 
period of the Sun is much longer than that of the variables. We do not 
know the cause of this period; it may be that as the variation becomes 
more accentuated it will grow shorter. Professor Schuster already suspects 
shorter waves superposed on the eleven-year one, and it is quite possible 
that the.se may in time overpower the former. 


CHAPTER VII 

THEORIES OF COSMOGONY 

LAPLACE’S NEBULAR HYPOTHESIS 

Highly Speculative Nature of Theories of Cosmogony. — 
We have now finished our survey of the various types of heavenly bodies. 
We pass on to examine whether we can deduce a probable theory of cos- 
mogony, ix. of the steps through which our system has passed before 
reaching its present condition. It is necessary to state that nothing is 
known for certain on the matter; indeed it is hardly likely that such will 
ever be the case. It is sufficiently surprising that we should be able to 
form the smallest conception of these mighty processes, whose movement 
is so majestically slow that it is as nothing during the period over which 
our observations extend. 

The Primeval Nebula. — There are strong reasons for thinking it 
likely that our system was developed from matter that previously formed 
a large extended cloud covering all or most of its present area. The fact 
of the planets all moving round the sun in the same direction and in nearly 
the same plane is an argument for this, another less powerful one being the 
number of terrestrial elements found to exist in the Sun. Laplace’s famous 
hypothesis supposed that the solar system once formed a spherical nebula 
of extreme tenuity, filling the space bounded by the orbit of the outer 
planet. This nebula contracted under gravitation, -the speed of rotation 
increasing with the contraction till an equatorial ring was thrown off by 
^centrifugal force”. This ring was supposed to have formed the outermost 
planet, and the others followed in succession. 

Objections to Laplace’s Theory.— Laplace’s idea seems to have 
occurred to him independently of Herschel’s discovery of a shining fluid in 



THEORIES OF COSMOGONY 


53 


space, but obviously the discoveiy helped the hypothesis. The latter has 
not, however, stood the test of critical examination. So lai|[e and tenuous 
an object would have no rigfidity, and would not rotate as a solid sphere. 
Further, Mr. F. R. Moulton has recently shown that the principle of “con- 
servation of moment of momentum” is fatal to the hypothesis as it stands; 
for if the nebula when filling Neptune’s orbit were rotating in Neptune’s 
period, this moment would have 213 times its present value. 

Initial Difficulties. — While mentioning this conservation it is a 
convenient place to say that the mutual gravitation of the system is power- 
less to produce any moment of momentum; the fact that such exists shows 
that it must either have been initially impressed on the nebula, or have 
been the result of motions in its constituents before they came together, 
due to the action of external bodies. This clearly only shifts the difficulty 
back a step, and, indeed, science is powerless to explain the manner in 
which the moment of momentum of the system took its origin. This is 
one of the many points where an attempt to give a complete explanation 
of all the phenomena of nature on a purely rationalistic basis breaks down 
completely. 

Modifications of Laplace’s Theory. — One temporaiy set-back 
that the hypothesis received in the last century has now been reversed. It 
was supposed that Lord Rosse’s great reflector had shown all the nebulae to 
be stellar, and therefore disproved Herschel’s shining fluid; but the spec- 
troscope has now confirmed Herschel, aqd shown that many of them are 
truly gaseous. Further, the manner of their association with stars in the 
Pleiades and elsewhere is demonstrative of a close connection; there is a 
strong case for supposing that some at least of the nebulae are embryo 
systems. Two principal modifications of Laplace’s scheme have been pro- 
posed: (i) the substitution of a thin plane spiral for his nebulous sphere; 
(2) the introduction of tidal action to explain many of the details. The 
first assumption diminishes the extreme tenuity of the nebula, and we also 
find such spirals in great numbers in the heavens. 

METEORIC THEORIES 

Sir N. Lockyer’s Theory. — ^There have been two ideas about the 
nature of our {uimeval nebula: (i) that it was meteoric, (2) that it was 
gaseous. Sir N. Lockyer advocated the former view, basing it on spectro- 
scopic grounds: he thought he had identified the chief nebular lines with 
those of magnesium, as given off from meteors. The identification, how- 
ever, has been disproved; moreover, meteors are such complex bodies that 
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'#lr 4P^t td l^ttre llian as the primd world-stuiT. Th^ are pro> 
babiy ra^er tiw debris of worlds, perhaps expelled from suns or planets in 
mighty eruptions. Sir R. Ball thinks most of ttem are Earth-born, and 
this may be true for many. 

CoiifETS AND Meteors.— There is a close connection between comets 
and meteors, showing that the latter may be associated with gaseous 
matter; perhaps the gas in this case was previously imprisoned in the 
meteors, and driven out by the heat or light pressure of the Sun. The 
gases of comets are not like those of nebulae, being chiefly cyanogen or 
other carbon compounds. In Lockyer’s view the meteors would frequently 
collide, and the heat generated would gradually reduce the swarm to gas. 
Sir. G. Darwin suggested as a modification that a dense meteor swarm 
might itself act as a gas, their impacts replacing those of the gaseous 
molecules. This theory, however, has not met with much support. 

Sir R. Ball’s Theory.— Sir R. Ball has proposed one form of the 
spiral hypothesis. He starts by laying down that a sphere of moving 
particles has a tendency to spread itself out into a disc, and deduces this 
from the fact that the moment of momentum is constant, but the " energy ” 
of the system continually diminishes with each collision. The particles 
after collision would drift towards the centre, and the system tends to that 
form which combines a minimum of energy with the maintenance of its 
original moment This can be shown to be an extended plane disc. The 
drift of particles towards the centre would cause this part to rotate more 
rapidly than the outer part, which would of itself produce a spiral struc- 
ture. In some way, of which we cannot trace the details, knots or centres 
of condensation appeared on the whorls of the spirals, and these formed 
the embryos of the planets. 

Proctor’s Views. — Proctor endeavoured to explain the sizes of the 
different groups by the consideration that near the Sun his influence 
would be so paramount, and the velocities of the particles so high, that 
they would prevent any large aggregation of matter; thus the. first four 
planets are small, that nearest the Sun being the least The giant Jupiter 
is formed in a region where the Sun’s influence has much diminished. 
Proctor suggested that his disturbing influence might have prevented the 
minor planets from forming one orb. The reason of the decline in size 
outside Jupiter he supposed to be due to the growing paucity of material 
as the outskirts of the system were approached. 



Enormous tides were raised on two opposite isdes oi eaca suq, smociefitQ^ 
powerful to tear off great quantities of matter, thoi^ in our Sttn*s case 
it only amounted to one-seven-hundredth of the total mass. The tom-off 
matter would have returned to each sun but for the perturbing effect of 
the other, which gave it a moment of momentum and left it describing 
ellipses. 

Stages in Evolution. — ^Th^ show that the matter would arrange 
itself in a double spiral exactly like the forms seen in the nebula;. It 
should be noted that the streams of the spirals are not the directions in 
which matter is moving, but the regions in which it is most densely 
collected. Each particle is moving at a large angle athwart the spiral, 
and in consequence the whorls of the spiral nebulae should in the course 
of time show a rotation, and also become more and more coiled The 
plane of motion of the matter would be nearly the same as the plane 
of relative motion of the other sun, amd it is conjectured that tidal 
action may have brought the Sun’s original plane of rotation near this 
plane. The larger a planet grew by the collection of particles, the more 
nearly would its plane coincide with the mean plane of discharge of all 
the particles. 

Some Facts Explained by Theory.— The smaller inclination of 
the planes of the large planets is thus explained. It is even suggested 
that the more rapid rotation of the Sun’s equatorial r^ons may be 
explained by more matter having returned to him in this plane, which 
would transmit the moment of momentum it had acquired during its 
flight by the action of the other sun. It is also shown that successive 
collisions of particles to form planets would tend to reduce the eccen- 
tric!^ of the orbits, thus explaining the nearly drcular orbits of the 
large planets. The properties of satellite orbits are reasoned out in a 
similar manner, and shown to result in nearly circular orbits, not far 
distant from the plane of their primary. 

It should be noticed that on this theory each whorl of the spiral is 
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not the embryo of a separate world. A whorl may, in fact, contribute 
matter to several worlds, and a world may draw matter from portions 
of ^eral different whorls which are at about the same distance from 
the Sun. 

Initial Assumption Unlikely. — In fine, if we grant the initial 
assumption of the very near approach of two suns, the rest of the theory 
^ms to work satisfactorily; but such an approach must be so rare an 
occurrence that one hesitates to accept it as an int^ral part of the 
growth of the system, unless driven to do so. If the two suns were alike 
in mass and condition, each would suffer the same tidal action, and pre* 
sumably a similar system for each sun would be the result 

STAGES OF STELLAR AND PLANETARY COOLING 

Temperature of Planets never so great as that of Sun. — 
Whatever theory we adopt for the earlier stages in the evolution of 
a stellar system, we come to a time when such a system had devel- 
oped into a number of large orbs, all raised to a high temperature by 
the coming together of their constituents. This temperature would vary 
with the size of the bodies. It is not likely that the smaller planets were 
ever in a sun-like state, and even the g^ant planets only approximated to 
it. The small worlds would also cool more rapidly, as is exemplified by 
the Moon. The Sun may still have been semi-nebulous when the Earth’s 
crust was formed. * 

Probable Life History of Sun. — ^The Sun is presumed to have 
passed through the stages represented by the spectral types, being first 
a helium star of great tenuity, perhaps with nebulous appendages. On 
this would follow the Sirian stage, when the photosphere was intensely 
luminous, and unveiled as yet by the reversing layer. It is probable 
that this was a more prolonged stage than the first, for the type is much 
commoner than the helium ^one. By' slow stages it would pass into the 
present' golden-yellow condition. As more and more of the blue light 
was cut off, the light w6uld grow redder, and probably the spot variation 
more pronounced. 

At least in Arcturus, which is believed to be in the late solar stage, 
spot lines are found in the spectrum, which seems to imply that its 
surface is much more spotted than the Sun’s. Looking further ahead, 
we conjecture that it will pass through the Type III stage, when its 
colour will be decided red, owii^ to the strong titanium flutings. Pro- 
bably its light will then be markedly variably and there will be a liability 
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to great outbursts of glowing gas; further than this we need not try 
to go. 

Evolution of Larger Stars. — It used to be thought that the larger 
stars would in all cases take longer for each of their stages. This is un< 
doubtedly true for the total radiation of their heat, but doubts have been 
raised as to whether it is true of the duration of Types I and II. Thus 
Mr. Lewis has demonstrated that in the majority of cases tested the fainter 
star of a pair is the more massive, the presence of a photosphere involving 
such a delicate balance of conditions that it may well be, as Sir W. and 
Lady Huggins suggest, that powerful surface gravity hastens the trans- 
formation from the Sirian to the solar stage. Capella, for example, which 
exceeds our Sun greatly in mass, has a spectrum very similar to his, though, 
from the relation of light to mass, Capella’s density is presumably much 
smaller; in other words, it has passed more rapidly to the solar stage, 
before the density has increased to a corresponding degree. In the case 
of the fainter but more massive components of .binaries, probably the 
blueness does not arise from a Sirian condition, but from some later stage 
of development that is not, as yet, quite understood. 


INFLUENCE OF SOLAR TIDES ON PLANETARY 
ROTATION 

Direction of Rotation has been Reversed. — We shall now 
leave the Sun, and pursue in greater dptail the probable course of the 
development of planets. Laplace explained their direct rotation by the 
supposition that they had previously existed as rigid rings, in which case 
the outer portion would be moving most mpidly round the Sun. When 
the ring coalesced into a sphere this would result in a direct rotation. 
But we now know that such a ring could hot move as a rigid body; 
each portion would have the speed appropriate to its distance, as is 
now the case in Saturn’s ring, and this would lead to a retrograde rotation. 
Now, evidence has recently been discovered that die primitive rotation 
of the planets was retrograde, btit that solar tides have reversed it 
Pickering’S Results — Phcebe. — The most striking evidence for 
this was the discovery by Professor W. H. Pickering of an outer satellite 
of Saturn (Phoebe), which proved to be moving round the planet in a 
retrograde direction in opposition to all the rest He at once suggested 
that the satellite was the oldest of Saturn’s family, and remained as a 
witness of the primitive direction of rotation. It then struck him that 
this would likewise explain the retrograde motion of the Uranian and 

vob I. » 
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Neptunian systems. He was able to base a striking argument on the 
behaviour of a gyroscope: 

“■If a gyroscope properly balanced and mounted in gimbals is placed on a 
table while spinning, and the supporting stand made to rotate about a vertical 
axis, the wheel will adjust itself so as to rotate in the same direction as the 
stand and about a parallel axis. If the direction of rotation of the stand is 
reversed, the wheel will turn over and again rotate in the same direction as the 
stand. Or if an observer hold a rotating gyroscope at arm’s length, and rotate 
upon his heels, the gyroscope *will adjust itself so that its rotation is in the 
same direction as its orbital revolution, the two axes being parallel. If the 
observer reverse his direction of rotation the gyroscope again turns over. When 
the planets were first formed they rotated in directions opposite to the orbital 
revolutions, as Neptune now does. In former times, when the planets were large, 
diffuse bodies, the tides raised by the Sun would act in the same way as the 
rotation of the gyroscope stand. Neptune is so remote that his plane of rotation 
has been shifted only about 35 degrees; Uranus, 82 degrees; Saturn, 153 
degrees; Jupiter, 177 degrees. Phoebe was born whilst Saturn still retained 
its original plane of rotation, hence its retrograde revolution. The other 
satellites have been subject to the tidal action of the Sun, tending to bring the 
orbit into the plane of Saturn’s orbit, and to that of Saturn, tending to bring 
it into the plane of Saturn’s equator. The latter has predominated in the case 
of the inner satellites.” 

Stratton’s Results. — Mr. F. J. M. Stratton investigated this bold 
hypothesis mathematically, making the investigation as rigorous as possible, 
though it necessarily included some assumptions on the early condition 
of the planets that cannot be regarded as quite certain. His results are 
favourable to the hypothesis, as the following quotation shows; ' 

“Saturn shed Phoebe, and possibly also Japetus and Hyperion, while its 
obliquity was greater than 90 degrees; as under solar tidal infiuence it passed 
through the critical position, where its obliquity was 90 degrees, Phoebe sank 
down into the ecliptic in a retrograde orbit, while Japetus and Hyperion moved 
over with the planet’s equator. Afterwards the inner satellites were evolved, and 
under their influence and the influence of the rings Saturn’s obliquity has 
steadily . diminished and is still diminishing towards a snoall stable value. As 
seems highly probable for a planet farther removed from the Sun, and therefore 
less likely to have its increasing rotation checked by solar tidal friction, the 
satellites of Uranus were evolved in an earlier stage of its evolution, before its 
obliquity had decreased to 90 dqpees; they have stopped the decrease in 
obliquity which would arise from the solar action, and they are now driving 
Uranus .back to a stable position with an obliquity of 180 degrees. Neptun^ 
with its one satellite of extremely large tidal influence, is being driven towards 
an equilibriuih position with an obliquity of x8o dq;rees.” 

The two planets nearest to the Sun have no satellites. Yet here, too, 
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the solar tides have left their mark, if we accept as true what is still 
somewhat doubtful, the fact of their always turning the same face to 
the Sun. We must, indeed, suppose that tidal action was so potent that 
it prevented their rotation speed ever rising to a value that would 
lead to disruption; tidal action, it may be pointed out, varies as the 
inverse cube of the distance, which explains its great importance for the 
two nearest planets. 


BIRTH OF THE MOON 

Unique History of Earth and Moon — ^Theory of Sir George 
Darwin. — We come now to our Earth, whose history, there is reason 
to think, has been unique in the system. There is no other planet which 
has a satellite with a relative mass anything like so high as that of our 
Moon. Miss A. Clerke has pictured the circumstances of the Moon’s 
birth in a passage so graphic that it deserves reprinting: 

“How the Earth was to fare . . . long hung in the balance. Rightly to 
forecast its destiny would indeed have demanded no common perspicuity in an 
intelligent onlooker. Although the solar drag upon its rotation had no more 
than one-eleventh of its power over Venus, it sufficed during uncounted ages 
to hinder acceleration from reaching the pitch involving instability. Our 
embryonic planet had long ceased to be nebulous, and had, in fact, shrunk by 
cooling nearly to its present dimensions before the die was cast. Then at last 
the hurrying effects of contraction prevailed over slowing down by tidal friction, 
axial speed overbore equilibrium, and the spheroid divided. Now globes thus 
far advanced in condensation are apt to split less unequally than globes in a 
more primitive stage; and the Moon, because late bom, was of large size. Its 
mass is the one-eighty-first of the Earth’s; the masses of Titan and Saturn are 
as I to 4600; while Jupiter’s third and greatest satellite contains only the 
one-eleven-thousand-three-hundreth part of the. matter englobed in the parent 
body. Moreover, Professor Darwin has made it clear that the satellites of 
Jupiter and Saturn revolve now in orbits not widely remote from those at first 
pursued by them; the Moon, on the contrary, having started on its career 
almost, if not quite, from grazing contact with its primary. ... It was revolving, 
when our theoretical acquaintance with it begins, in a period of not less than 
two and not more than four hours, quite close to the Earth’s surfoc^ while the 
nearly isochronous rotation of the Earth was conducted with all but disruptive 
rapidity. The situation is so suggestive that it needs only a short and tolerably 
safe leap in the dark to the conclusion that the two globes had very recently 
been one. With their division, at an epoch estimated to have been at least 
54,000,000 years ago, the process began by which the Moon was pushed back 
along a widening spiral course to its present pontion.” 

Darwin’S Researches.— T his theory of the Moon’s birth was put 
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forward by Sir G. Darwin in i88i, and is now generally accepted. The 
moment of momentum of the Earth-Moon system is constant, except for 
the slight effect of solar tides. Hence, as the Earth’s rotation grows slower 
under the brake of the tidal wave, the Moon must recede in order to 
conserve it. The tides on the Moon have already made her periods of 
rotation and revolution identical. She is endeavouring to do the same 
for the Earth, but it is doubtful whether she will ever completely succeed. 
Initially each turned the sam6 face constantly to the other; then, as the 
Moon receded, the number of Earth rotations to one lunar revolution 
increased, very rapidly at first, so that Sir G. Darwin calculates it had 
a maximum of 29 about 46,000,000 years ago. Since then it has 
declined to its present value of 2 ^^, the retardation growing slower and 
slower, so that it will probably never get back to i. 

Cowell’S Work on Eclipses. — We can, perhaps, trace some effect 
of the lengthening of the day, and the accompanying recession of the 
Moon, by studying ancient eclipses. Mr. P. H. Cowell has recently done 
this for all the old eclipses of which the records are sufficiently precise, 
starting with one observed in Babylon in B.C. 1063. He finds that these 
early eclipses show an apparent acceleration of the Sun, which probably 
really arises from a lengthening of the day. The effect on the Moon is 
made up of two parts; the day being longer the Moon will seem to move 
farther in a day, hut her increasing distance will have the opposite effect 
This explains why the effect on the Sun is such a large fraction of 
that on the Moon. The result indicated is that the day is leng^thening 
by one-two-hundredth of a second per centu^. 

Age of Moon— -Pickering’s Theory.— Professor Darwin puts the 
date of the Moon’s birth as about 57,000,000 years ago, but he does 
not claim that the date can be fixed with any precision. At that 
time the Earth vras but slightly larger than now, and rotated in between 
three and five hours. Professor W. H- Pickering has recently examined 
whether. w6 can now trace on her surface any evidence of the disruptive 
catastrophe. He has put forward the following bold theory, which is 
hardly likely to gain general acceptance, but which is so interesting that 
it is worth giving. He postulates that, prior to the disruption, the 
Earth was already covered with a crust 36 miles' thick, of density 3.2, 
slightly less than the Moon’s present density (34). As it cooled it con- 
tracted, till, under the combined influence of centrifug^ force and solar 
tides, the breaking-point was reached, and three-fourths of the crust was 
tom away, forming a swarm of small fragments, later to be concentrated 
into the Moon. The heat resulting from- their collisions would suffice 
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to reliquefy portions of the Moon, thus accounting for the obvious signs 
of volcanic action on her surface. The r^on thus tom away is supposed 
to have been the Pacific basin, while the remaining one-fourth is supposed 
to have been tom in two by the shock, and formed the two great 
continental masses. In this way Pickering explains the remarkable 
parallelism of the two sides of the Atlantic, which had already been 
noticed by others. 

If the specific gravity of the land masses was 34, and that of the 
liquid in which th^ floated 3.7, the average height of the continents 
above the ocean beds (3 miles) would be accounted for. The volcanic 
islands would have been formed later; the great density 3.7 found for 
the lower portion of Mauna Kea, Hawaii, is in favour of its having been 
formed from the consolidation of the dense liquid. Pickering suggests 
that borings undertaken there for a few hundred feet would bring to 
light materials existing elsewhere at a depth of many miles. He considers 
that the ring of volcanoes encircling the Pacific also favours his view. 
He has not forgotten the great changes of coast line that are continually 
taking place, but he holds, with many geolog^ists, that the main forms 
of the continental masses have been permanent, and that the submergence 
of portions of them has been only temporary, and the covering water 
only a shallow sea, not a deep ocean. 

The fact that this view implies that the Moon left the Earth as a 
swarm of fragments is in full accord wi^ Sir G. H. Darwin’s conclusions, 
for he points out that there is a certain distance (known from its discoverer 
as Roche’s limit) within which a satellite could only exist in a frag^mental 
form, and this distance in our case is 11,000 miles, so that the Moon could 
not have coalesced into a sphere till it reached -this distance from the 
Earth. Pickering notes as an inter^ting point that Phobos, Mars’ inner 
moon, is ve^^ near the limit, and that we have reason to think solar tides 
are making it approach the planet, since its period is much less than the 
rotation of the latter. Hence, if it approaches nearer, it will be tom to 
fragments and lost to the view of astronomers. We have an example 
of such a swarm of fragments in Saturn’s ring, which ' lies within 
Roche’s limit 


THE EARTH’S INTERIOR 

Mean Density of Earth. — ^The interior of the Earth was formerly 
terra incognita^ and our knowledge of -it is still scan^, but a few im- 
portant facts have been learnt The first of these is the mean density. 
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which 1 ^ found by comparing the Earth’s gravitational pull with that of 
a sphere of metal. Very delicate measures by Boys and Braun agfree in 
giving the mean density 5.527 times that of water, about double that of 
the materials at the surface. Professor Wiechert suggested that the Earth’s 
interior might be iron, basing this on the agreement in density (that of iron 
being 7.8) and the large amount of iron found in meteors. This view is not 
impossible, but it involves a discontinuity between the constitution of the 
surface and interior for which* there are no strong reasons. Professor See 
suggests, with more probability, that — 

the matter in the interior of our globe is of the same general character as the lava 
which flows from our volcanoes, simply compressed by the enormous weight of the 
superincumbent matter surrounding it on all sides ”. 

Interior more Rigid than Steel. — Several lines of proof con- 
verge to show that, whatever the chemical composition of the interior, 
it is solid throughout, and more rigid than steel. This is proved, (i) by 
the period of the small oscillation of the pole known as “The variation 
of Latitude”. Professor Chandler discovered this in 1893, and found the 
period to be 427 days, while it had been previously supposed that it must 
be 305 days. Professor Newcomb found the flaw in the latter result, which 
made no allowance for the elasticity of the Earth. He showed that the 
period 427 days indicated a rfgidity rather greater than that of steel. 

(2) Lord Kelvin, continuing Hopkins’s work on the subject, showed that 
either the Earth’s interior is solid or that the outer crust behaves with 
r^^d to external strains as though it (the crust) were liquid. The phe- 
nomena of ocean tides negative the latter, and' therefore prove the former. 

(3) Another proof is afforded by the seismograph records of distant earth- 
quakes. There are generally at least two distinct records of a disturbance, 
the first of which is the feebler, and which is concluded to be due to a wave 
of compression passing in a straight line through the body of the Earth. 
The velocity of this wave has been taken to show a rigidity gfreater than 
steel, though, as we do not know the exact path of the wave, this is open 
to some doubt 

Estimates of Central Density.— The rate of increase of density 
is uncertain. Professor See, on the assumption that all matter under such 
enormous pressures would behave like a monatomic gas, deduces a rapid 
rise, so that at a depth of half a radius the density would be 9, and would 
then increase more slowly to 1 1 at the centre. Others, however, think that 
there is a definite limit to the compressibility of solid substances, even 
under infinite pressure, and would put the central density not much 
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above 7. Whether Dr. See’s figures are strictly accurate or nf>t, the 
following quotation from him probably gives a good general idea of the 
condition of the Earth’s interior: 

** If, in addition to perfect interpenetrability of matter under planetary pressure, 
we imagine an enormously high temperature which would instantly vaporize the 
most refractory elements, we may conceive most of the matter in the interior of the 
Earth and similar planets has the property of a rigid fluid, a gas rendered more 
rigid than steel by its confinement, but capable of expansion with a violence sur- 
passing the eruption of Krakatoa if the pressure could only be removed”. 


THE AGE OF THE EARTH AND SUN 

Estimates of Sir George Darwin and Lord Kelvin. — Astron- 
omy is unable to give a precise answer to this question, not having suffi- 
ciently accurate data available. Sir G. Darwin’s estimate of 57,000,000 
years for the Moon’s age is confessedly rough, though it is not a mere 
guess, and has been made with great care, but we are unable to determine 
accurately all the constants required. He considers it unlikely that the 
time exceeds 100,000,000 years. Lord Kelvin estimated the Sun’s age 
as 20,000,000 years, from the amount of energy produced by the coming 
together of its constituents from a great distance, and the amount now 
being radiated in the form of light and heat But the radio-active elements 
have since then been discovered, and it is now known that in these at least, 
and by presumption in other matter as >^ell, the energy imprisoned within 
the atom so enormously transcends all external sources of enetgy that 
these by comparison sink into absolute insignificance. 

Hence it is recognized that Lord Kelvin’s estimate has broken down, 
though it is not yet possible to replace it by ,a revised one. We do not 
know the amount of the radio-active matter in the Sun, nor whether other 
elements may not become radio-active under the conditions that prevail 
there. The fact that helium seems to play such an important part in the 
early history of suns — helium being one of the radium emanations — certainly 
warrants us in concluding that these radio-active processes may -indefinitely 
extend Lord Kelvin’s estimate of the Sun’s age, and bring it more into 
accord with geological ones. These have perhaps erred by excess, in not 
making sufficient allowance for the more energetic meteorol(^‘cal and 
tidal processes that doubtless prevailed in distant ages, owing to the shorter 
day and the greater proximity of the Moon, so that there does not seem to 
be an irreconcilable discordance between the two. 
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CHAPTER VIII 

ASTRONOMICAL RELATIONS THAT AFFECT 
THE EARTH’S PHYSICAL CONDITION 

THE OBLIQUITY 

As was stated at the beginning, every physical process on the Earth’s 
surface, with the possible exception of those due to volcanic activity, can 
be traced directly or indirectly to the Sun; were his light and heat with- 
drawn, universal frost and stagnation would prevail. The trade winds and 
aerial and oceanic circulation generally depend on the Sun’s heat conjoined 
with the Earth’s rotation. These, however, are usually treated under the 
heading Physicari Geography. One relation of great importance to our 
wellbeing is the amount of slope of our equator to the ecliptic or plane 
in which we travel round the Sun. 

Effect of Large Changes. — This is directly concerned with the 
seasonal change, for were the two planes coincident there would be only 
the very slight temperature changes due to the Sun not being exactly in 
the centre of our orbit. Were the angle, on the other hand, to be consider- 
ably increased, we should have seasons of much greater rigour, which would 
render lai^e tracts uninhabitable. The present value of the angle is 23" 27', 
and it only changes between nan»w limits. Professor Newcomb calculates 
that it was at a maximum (24® 13') about 91CX) years ago, and will reach 
a minimum (22" 35') about 9600 years hence. 

Obliquity never Excessive during Geological Time.— Mr. 
Stratton’s work on the action of solar tides has been already described. 
Assuming an initial retrograde rotation for the Earth, these would tend 
to produce a direct one in the plane of the orbit. Since the Moon’s 
motion is direct, it follows that this Rction must, if it took place at all, 
have mkde the rotation direct before the Moon’s birth. Since this birth 
the Moon’s action has been more potent than the Sun’s, and Sir G. Darwin 
concludes that at an early stage in the Moon’s history, when she went 
round the Earth in twice the time that the latter rotated, the obliquity 
was about ii d^rees. The fact thus remains that during the geological 
ages the obliquity has never been excessive, and the tendency of the 
Moon to increase it is oow less owing to her greater distance and is 

controlled by the opposite action of the Sun. It will probably never much 
exceed its present value. 
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CHANGING ECCENTRICITY OF THE EARTH'S 
ORBIT— ICE AGES 

Varying Distance of Earth from Sun.— We may then xakc the, 
obliquity as sensibly constant for the greater part of the geological period, 
but there is another astronomical relation which there is reason to think 
has produced most startling changes in the habitability of large r^'ons 
of the Earth’s surface. This is the change in the eccentrici^ of her orbit 
round the Sun. We may express this in simpler language by saying that 
the orbit is always sensibly circular, and always of the same size, but that 
the position with regard to the Sun varies; sometimes he is exactly in the 
centre, at others he may recede from this point as much as 7,000,000 
miles, or one-fourteenth of his distance. If at such a tim^ we suppose 
midsummer to coincide with the Sun’s nearest approach, he would be 
south of the Equator five weeks longer than north of it ' If midwinter 
occurred at nearest approach the relation would be reversed. 

Results of Sir Robert Ball. — Such changes are actually taking 
place, under the influence of the planets, more especially Venus and Jupiter, 
on the Earth’s orbit, and their efiect has been very clearly traced by Sir 
R. Ball in Omsg of an Ice Age, Geology shows that laige regions in 
Europe and elsewhere have been in the past covered glaciers in the 
manner that Greenland is now, which Sir R. Ball accounts for by proving 
that each hemisi^ere receives 63 per cent of its annual supply of heat 
during its summer half-year, and 37 per cent during the winter half. Now 
if midsummer was the Sun’s nearest approach at a time when the eccen- 
tricity was very great, the 63 per cent would be poured in during 166 days, 
while the 37 per cent would be spread oyer the remaining 199. There 
would consequently be a long, severe winter and a short, hot summer, 
which would not he able to melt all the snow of tiie winter, especially 
as much heat would be reflected away by the white surface without being 
absorbed. Hence the snow would grow thicker year by year till it formed 
a migh^ sheet The opposite, hemisphere would enjoy a genial climate 
with a long, moderate summer, and a short, mild winter. This would clear 
away the ice cap almost, if not quite, up to the pole, and Sir R. Ball thus 
accounts for the fossils of temperate plants found in high latitudes. 

The axis of the Earth’s orbit is moving in such a way that the con- 
ditions are changed in eitfa^ hemisphere from glacial to genial, and vice 
versa, in a period of about 10,000 years; and at a time of high eccentricity 
there will be a succession of glacial and genial periods alternating in the 
two hemispheres. Sir R. Ball suggests that the animals and plants driven 
VOLt 9 
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from one hemisphere may have taken refug;e in the other, but this, however, 
does not seem necessaiy, for a migration to the r^on just fr« from the 
ice sheet would prdbably suffice. 

, the.uviM|®e d^Iy reeeipt of sun 

daily sun hdit in (186 days) 1.S4. 

Mefui daily sun hmt in winter (179 da3rs) ^75. 

Genial Conditions 

Mean daily sw heat in summer (199 days) 1.16. 

Mean daily sun heat in winter (166 days) .81. 

Glaual Conditions 

Mean daily sun heat in summer (166 days) 1.38. 

Mean daily sun heat in winter (199 days) .68. 

This table seems to prove that the theory affords amply sufficient 
machineiy for the production of an ice sheet, though it is right to say that 
some have contested this point Of course the climate of a country is the 
product of complex conditions, which might largely influence the figures 
given above. For example, any change in the direction of the Gulf Stream 
would profoundly influence the climate of western Europe, as we see by 
comparing Greenland and Norway, which do not differ greatly in latitude, 
but which have cold and warm currents flowing along their shores. 

We now enjoy a faint approach to a genial climate in our hemisphere, 
since our winter is eight days shorter than our summer. The present 
eccentricity— one-sixtieth — is, however, too small to have very much effect, 
though it is doubtless responsible for the greater degree of cold that 
appears to prevail in the Antarctic r^ons as compared with the Arctic, 
in spite of the moderating influence of the oceans that surround the former. 

Alteri^ation of Glacial and Genial Epochs. — Sir R. Ball 
points out so graphically the potent influence of the planets on our earth, 
far exceeding anything imagined by astrologers, that I give some quota- 
tions from his book: 

“The influence of the planets has occasionally visited some of the fairest 
re^ons of our globe with a scourge more deadly than the most malignant pesti- 
lence, more destructive than the most protracted of wars, and more desolating than 
the mightiest of floods. Slumbering in the Arctic regions lies at this moment the 
agent of the most dire of calamities. . . . Time after time it has happened that the 
planets by their influence on the Earth’s orbit have brought down on our temperate 
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r^oiis the devastations of the great ice sheet, ... It was the planets that drew 
down this icy invasion, and it was the {danets which bade ice to withdraw, . . 


Epochs of Maximum fix 

astronomically the periods of different ice ages, hut It is dbuMui whether 
the formulx used can be trusted as sufficiently- accurate for such immoise 
time intervals; it is, however, of interest to giv^ wirii this caution, a few 
of the results that have been arrived at by Croll, Stockwdl, CharUer, anc 
Macfarlane. 

The eccentricity reached its greatest possible .value of oue-fcMirteent 
850,000 years ago, and remained near this for about 6oy006 years. T 1 
greatest glacial periods must have taken place at this time. Thnre ha 
been other less strongly marked maxima of eccentricity since then 
intervals of about 100,000 years. The last was lOOyOOO years ago, its val 
being one-twenty-first, or three times the jxesent value This may ha 
been sufficient to cover our islands with an ice sheets but it is impossible 
fix the value that would suffice for this purpose For the next loo^oo 
years the orbit will be less eccentric than*at present, so obviously no retun 
of the ice is to be apprehended in the immediate future. 

Present Eccentricity. — In fact, the earth is passing through a 
quite unusually prolonged period of small eccentricity, which is obviously 
favourable for the habitability of- the temperate zones. The present 
diminution of eccentricity is responsible for an acceleration of the Moon’s 
motion of 6 seconds per century. This, however, is of an oscillatory 
character, and will be reversed in 24,000 years, when the eccentricity will 
again begin to increase. The .acceleration due to tidal retardation will 
always be in the same direction. Many books do not distinguish between 
these two different accelerations. 

Water Vapour necessary for an Ice Age. — It should be noted 
that for an ice sh<^ to form we need not only long, cold winters, but also 
an abundance of water vapour in the air to be deposited as snow. This 
water vapour would be raised from the oceans in the warmer regions, so 
that even a great ice sheet bears witness to the Sun's heating power. We 
may emphasize this by pointing out thatffie southern hemisphere of Mars 
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at present sufTerd from much more glacial conditions than ever prevail 
on Earth, the winter being seventy-6ve days longer than the summer; 
but the unmeltable ice sheet does not form, since there is not enough 
vapour to produce such a thick deposit Hence the summer sun some- 
times melts the cap right up to the pole, and always nearly to this 
point * 

IS THERE AN ELEVEN-YEAR WEATHER CYCLE? 

We now pass on to consider the effect of the Sun-spot cycle upon the 
Earth. In view of the conspicuous changes that are exhibited in all solar 
phenomena there would be nothing surprising in a striking effect on the 
Earth’s meteorology. It is difficult to understand the following passage 
in Proctor’s Old and New Astronomy, p. 350: 

“ As for the idea that Sun spots may exert specific influence on the weather of 
different parts of the Earth, it is, beneath the dignity of science to discuss a notion 
worthy only of the first beginnings of astrology 

No Definite Law Determined.— Considering the delicate balance 
that exists between the contending elements determining our weather, it 
seems to me that the a priori probability would be rather in favour of a 
Sun-spot effect being traceable. It must, however, be admitted that, in 
spite of many attempts, no definite law has yet been detected. Sometimes 
there 'is the appearance of such a connection for one or two solar cycles, 
but afterwards it vanishes. Many secondary weather effects, such as the 
price of com, famines, &c., have been examin^. In regard to the last. 
Dr. Lockyer has found an apparent connection between the spot curve and 
Indian famines, which may prove to be genuine. Some take the line, 
which seems to me a mistaken one, that an effect on the weather, if really 
connected with the Sun-spot curve, must be the same all over the Earth, or 
at least over a hemisphere. 

Verdict* “ Not Proven ", — ^The effect might be to modify the direc- 
tion or the strength of the atmospheric and oceanic circulations, and so 
appear to have opposite effects on two places not very far apart, by divert- 
ing some warm or cold current to reach one instead of the other. So if 
any one station should show an effect in any of- its weather phenomena 
closely following the Sun-spot curve, we need not be deterred from accept- 
ing it by the fact that some othm* station fails to show it, or perhaps 
even shows an opposite one. This would only show that a negative 
correlation existed between the two stations, and weather statistics give 
examples of such a relation. In short, the verdict on the; question whether 
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Sun-spots influence the weather must be at present "not proven”, but we 
are not authorized in asserting that no such connection exists. 

ELEVEN-YEAR CYCLE IN TERRESTRIAL MAGNETISM AND. 

AURORiE . . 

Variations in Terrestrial Magnetism — Magnetic Storms. — 
There is, however, a direction in whidi the Sun-spot effect is palpably 
evident; that is the Earth’s magnetism. At magnetic observatories photo- 
graphic traces are taken of the direction and dip of the magnetic needle 
and of the intensity of the force. All these elements show a daily fluc- 
tuation indicating the action of the Sun. The amount of this fluctuation 
waxes and wanes in an unmistakable manner in accordance with the cycl^ 
being greatest at spot maximum. Moreover, there are occasional "mag- 
netic storms”, when all the elements are violently perturbed, and such 
storms generally coincide with some notable spot on the Sun. 

Maunder’s Results. — We have already alluded to the result 
found by Mr. Maunder, that magnetic disturbances are apt to recur at 
intervals separated by about twenty-seven days, the period for a given 
meridian of the Sun to return to the centre. This proves that the exciting ^ 
cause resides in some special regions of the Sun, from which it is radiated, 
not in all directions, but along definite stream lines, which he compares to 
the long narrow rays in the corona. There is frequently some conspicuous 
spot near the centre of the disc at the time of the magnetic storm, in which 
case we can with great probability connect the two. A tendency has been 
noticed for the storms to follow the central passage of the spot by about 
one and a half day, so that this would be the 'time for the stream to travel 
to the Earth. This, however, is speculative, for we do. not know that the 
dischatge was along a radius of the Sun. We naturally associate these 
supposed streams with the tails of comets, which are supposed to be 
repelled from the Sun by light pressure. 

Aurorae. — Some years before Mr. Maunder’s result, the Swedish 
physicist Arrhenius concluded that the Sun was continually expelling 
tiny, electrified corpuscles, which were the excitii^ cause of the aurora, 
a phenomenon in . our upper air which shows a most obvious sympathy 
with magnetic disturbances. Sir W. Ramsay continued this research, and 
was able to produce an artificial aurora in a flask, round which a dis- 
continuous electric current flowed. The spectrum of the aurora is found 
to indicate the presence of the rare gas hypUm, lately discovered, which 
has remarkable properties of luminosi^r. .The fact that the aurora is far 
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commoner in our polar r^ons shows that the Earth’s m^^etism also 
plays an important part in its production. In great ms^netic storms, 
however, it invades much lower latitudes. A remarkable solar outburst 
seen by Carrington and Hodgson in 1859 was accompanied by an intense 
disturbance, aurorae extending as far south as Cuba. 


CONCLUSION 

We shall now briefly sum up the conclusions to which our study of the 
universe has led us. We conjecture that the “Green Nebulae”, giving a 
gaseous sp^rum, are the embryos of future systems. The gas is probably 
intensely cold, and shines by electrical excitement. Much solid matter 
may be scattered through these nebulae; the spectroscope will only reveal 
its presence when it hats becpme heated through concentration and colli- 
sions. When this stage is reached we call the nebula a “white” one. In 
some caises the nebula is the parent of a single star, in others of a pair, 
or even a cluster. When sufficiently condensed it becomes a helium star, 
after which we suppose that it passes in succession through the Sirian, 
solar, Antarian, and carbon stages, till finally its life as a sun is over, and 
it becomes a dark star, of which presumably multitudes exist in space. 
We cannot tell whether they are destined to play any further part in 
the scheme of creation. 

We described various theories of the manner of development of the 
planets from the solar nebula, conjecturing that the spiral nebulae gave 
the most probable method by which the distribution of matter was effected. 
We then saw that tidal friction played a most important part in the sub- 
sequent development of the subordinate systems, and that it had probably 
left its traces, though in different ways, on every orb in the system. 

We saw the fiery youth of planets exemplified by Jupiter and Saturn, 
their middle age by the Earth, their decrepitude by Mars, and their death 
by the Moon ; not that all follow identically the same history, but there 
is a resemblance of type. It may well be that worlds, and even systems, 
fitted to be the abode of rational beings, are the exception rather than the 
rule; yet certainly thd facts that we have learnt about the universe do not 
justify us in asserting that our Earth is absolutely unique in this respect 

At this point we break off our study of our world viewed from without 
as a member of the heavenly host, and leave it in the hands of those who 
will study it from within, in the light of those records of its past that 
are stamped upon its surface and embodied in its crust 



UST OF ASTRONOMICAL WORKS RECOMMENDED FOR 
FURTHER STUDY 


Fea-I 

and! 


Name. 

The Sun 
The Sun 
The Moon 
The Moon 
The Moon 
The Moon 
A Comparison of 
TURES OF Earth 

Moon J 

History of Astronomy'i 
During iqth Century/ 
The System of the Stars 
Problems in Astrophysics 
Modern Cosmogonies ... 
The Stars: A Study of) 
the Universe ... J 

Introduction to Spec-\ 
TRUM Analysis ... 
Schellen’s Spectrum 
Astronomy 

Scheiner’s Astronomical') 
Spectroscopy 
The Meteoric Hypothesis 
Handbook of Astronomy 
Old and New Astroj^omy 
The Story of the Heavens 
Atlas of Astronomy 
The Astronomical \ 
Theory of an Ice Age/ 
Modern Astronomy 
Astronomical Discovery 
Mars and its Canals 
An Introduction to 
Astronomy 






} 


Author. 

Professor C. A. Young 
R. A. Proctor 

ff 

T. G. Eiger 

Nasmyth and Carpenter 
Edmund Neison 

' Professor N. S. Shaler 
Miss A. C. Clerke 

99 

99 

99 

Professor S. Newcomb 
W. Marshall Watts 
Translated by Lassell 

Translated by F/ost 

Sir J. N. Lockyer 
G. F. Chambers 
R. A. Proctor 
Sir R. Ball ' 

99 

99 

Professor H. H. Turner 


Publuhers. 

K. Paul, Trench, THibner. 
Longmans, Green, & Co. 
A. Brothers, Manchester. 
Geo. Philip & Son. 

John Murray. 

Longmans, Green, & Co. 
Smithsonian Contribu- 
tions to Knowledge 
(part of voL xxxiv). 

A. & C. Black. 

»> 

99 

John Murray. 

Longmans, Green, & Co. 
Longmans, Green, & Co. 

Ginn & Co. 

Macmillan & Co. 
Clarendon Press, Oxford. 
Longmans, Green, & Co. 
Cassell & Co. 

Geo. Philip & Son. 

*t 


A. Constable. 

E. Arnold. 

Professor Pmival Lowell Macmillan & Co. 
F. R. Moulton Macmillan & Ca 




GEOLOGY 

BY 

O. T. JONES, M.A., B.Sc., F.G.S. 

of H.M. Geological Survey 




GEOLOGY 


CHAPTER I 

INTRODUCTORY— DENUDATION IN 
EXTREME CLIMATES 

INTRODUCTORY 

Evolution of Surface Features of Earth. — Within recent 
years the methods and results of Geological Science have been applied 
with marked success to the study of the mode of origin and history of 
the diverse features of the earth’s surface. The majority of these, so 
far as they are accessible, have been explored, described, and represented 
on maps or charts by generations of geographers. It is, however, not 
sufficient merely to describe the globe as it appears at present; it is 
recognized that owing to various causes* its aspect is constantly changing, 
and that it must have undergone similar change in the past Old maps 
and charts record the form and extent in their day of certain coast- 
lines, islands, and rivers which, on comparison with modem maps and 
charts of those regions,' show evidence of much modification. ' Similar 
changes must, of course, have taken place in other r^ons of which no 
written record has been preserved. As a rule, the difficulty in obtaining 
definite historical information .concerning get^paphical modifications in- 
creases as the enquiry is pushed back in time, until finally all historical 
records cease and the geographer is forced to turn to other* sources for 
aid in his enquiry. 

It is the aim of the present sketch to indicate how geologists, by 
studying step by Step the complex series df events in the past history 
of the earth, have been ent^bled in some d^[ree to supplement the written 
records, and thus to render a signal service to Geographical Science. 

The service thus rendered is not, however, one-sided, for it is within 

the province of the latter science to study (iarefolly the various igents 

» 
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which are causing modifications in the surface of the earth at the present 
■ day; without a knowledge of which and their mode of operation the 
geologist would be powerless to solve the riddle of thie past. The two 
sister sciences cannot, therefore, be separated without seriously crippling 
both. 

■ Destruction of the Land. — All land areas are gradually under- 
going destruction in a manner and to a degree which varies in different 
parts of the globe. The material derived by wearing down the land is 
deposited mainly on the ocean floor, but a smaller part may settle in 
inland seas or lakes; some, again, may find a temporaiy resting place 
on the bottom of vall^ or hollows on the land surface, but it generally 
finds its way in the end to the bottom of the sea. It is now known that 
this destruction has been going on steadily for a very long period of time, 
and it has been calculated that in temperate regions the average level 
of the surface is reduced i ft. in 4000 years. At this rate the whole of 
the present dry land would be reduced to sea level in about 9,500,000 
years. As this period of time is but a minute portion of the most modest 
estimate of the age of the earth, it may be asked how it is that any 
land remains above the level of the sea? 

Earth Movements. — On the other hand, the surface of the earth 
is subject to slow changes of shape by buckling and warping, which 
elevate parts of the sea floor and convert them into dry land, to be 
attacked in turn as soon as it emei^;es. There are, therefore, forces of 
repair in constant operation as well as forces of destruction, and according 
to the relative amounts of these opposing for<;es the distribution of land 
and sea in the past has varied greatly at different periods. Each period 
has had its ge(^;raphy peculiar to itself, and differing from that of every 
other period. If we could reconstruct these gec^^phies for all past 
periods we should have the material for a fairly complete history of the 
earth. With our present knowledge it is only possible to do this in a 
limited d^^ at a few critical stages. 

It is proposed in what follows to deal in succession with (i) Denudation 
or waste of the land areas, and (ii) Earth movement or the production 
of new land areas; then to indicate how the geographies of past periods 
can be reconstructed, and finally to trace the various modifications which 
th^ passed through before they gave way to the present condition of 
things. 
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DENUDATION 

Of the agents of denudation it is important to distinguid), 
where possible, between those which .break up and reduce the solid 
rocks forming the land surface (^Weathering), and those which cany 
away the broken-up material (Transportation). Again, in the process . of 
transportation the fine material wears away by friction the rocks over 
which it is carried. To this operation the term Corrosion has been given 
by American geographers, and as no English word exactly supplying the 
need has yet been coined, the American term will be adopted in the 
following pages. The most rapid waste of land takes place when these 
various operations are working together. If at any spot weathering is 
active, but the material is not removed, the cover of destroyed rock 
becomes so great as to protect the surface underneath from further 
weathering. On the other hand, if the supply of material is not sufficient 
for the demand or capaci^ of the agents of transportation, that process 
stops for want of material to remove. 

Action along a Sea-cliff. — To make the dependence of these 
agents on one another a little clearer, let us consider what happens along 
a sea-cliff. The rocks in the upper part of the cliff are broken up into 
small fragments by the various agents of weathering which will be con- 
sidered below, and' the fragments fall to the Bottom. Here they are 
battered by the waves against one another and against the solid rocks 
at the base of the cliff, and still further* reduced in size until they can 
be carried away. During this process the base of the cliff is also being 
gradually worn away and undermined, thus favouring the slipping of 
material from above. If, now, the fragments fall faster than the sea 
is able to remove them, they accumulate at the bottom and prevent 
the waves from reaching the base of the cliff and undermining it. On 
account of both these causes the slope along which the material is slipping 
becomes less and less, until finally the slipping stops and the weathered 
material remains where it is produced, forming a cover which serves to 
protect the rock underneath from the weather. The process of destruction 
or denudation then ceases. On the other hand, suppose the cliff to be 
so low that at hig^-water the sea reaches to the top The action of 
weathering is therefore very small, and, for the purpose of the illustration, 
may be supposed to be absent Water which cariies no solid material 
in suspension has little power, if any, of wearing away solid rock though 
dashed sgainst it ever so furiously. The waves at the base of our diff, 
therefore, not being provided with material to hurl at the solid rock, 
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produce scarcely any effect upon it, and the process of destruction agaiii 
ceases. The cas6 is quite otherwise when the sea is furnished by the 
agents of weathering with just as much material as it can remove, as 
frequently happens it| the south and east of England, where the coast 
is made of incoherent sand, soft clay, or chalk. The rate of destruction 
is then extremely rapid. 

The most important agents OF weathering or disint^^tion are 
frosty heatt and vegetation', while the chief AGENTS OF transportation 
are running water, wind, ice, and landslips. The mode of action and 
relative intensity of all of these vary greatly with climatic and other 
conditions; . thus in the arid regions near the tropics, where frost is 
absent, the rocks are broken up by the rapid expansion during the day 
and contraction during the night; rains are infrequent, but are very 
violent while they last, and wind becomes an important agent of trans- 
portation. In the Arctic regions and on high mountain ranges, where 
the cold is intense, frost takes a primary part in shattering the solid 
rocks; there rains are unknown, and the greater part of the material is 
transported by ice and by the wind. It is important, therefore, in order 
to obtain a clear idea of the mode in which the surface of the earth is 
reduced and sculptured by the agents of denudation, to consider separately 
the action of these agents in — 

1. R^ions near the Tropics. 

2. Reg^ions of great cold. 

3. Temperate r^ons. 

DENUDATION IN REGIONS NEAR THE TROPICS 

In the sub-tropical regions on each side of the Equator there are 
enormous tracts where the rainfall during the whole year does not exceed 
25 in. and frequently falls below 10 in. As most of the rain falls during 
a few days, great drought prevails for the remainder of the year, resulting 
in the formation of deserts. The most important of these rainless tracts 
extends between 15 and 45 degrees of latitude north of the Equator across 
North Africa, Arabia, and Persia, into the interior of Asia, and on it occur 
the principal desert areas of the world. The Sah^a, the Arabian Desert, 
and the Desert of Gobi will serve as examples. In the western hemisphere 
the arid tracts of Mexico and Colorado lie on the same belt A corre- 
sponding tract extends within the same limits of latitude south of the 
Equator; oh it lie the Peruvian Desert in Western South America, the 
Kalahari in South Africa, and the great -interior desert of Australia. 
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, ^ * V. 

An immediate consequence of i|le absence of ifaln is the fidhnie ol 
vqietation of the normal type. M(^ plants are dependiQpt on a 
r^lar supply of water; tiierrfore they cannot thrive In desett axet 
where the supply, though abundant at certain periods, is cut Tq 0 sApap 
completely for long intervals. In the absence erf' v^jetatikm tine dMbls iu.. 
unprotected from the fierce heat of the sun which pottrs down on than 
day after day for months at a time. Deserts are tlmrefbie doe to A 
combination of climatic conditions resulting in a small annual raintall 
distributed over a few days of the year only, in consequence of whida 
vegetation of normal type is unable to flourish. 

Insolation. — Under these conditions the processes of weathering are 
peculiar and interesting. The heat of the sun during the day falls on 
the rocks unprotected by any v^etation; a part is absorbed and raises 
the temperature of the rocks, while a part is reflected and heats the air 
in the neighbourhood. The external layer of rock facing the sun is 
heated rapidly, while the interior receives heat from the outside by con- 
duction, which in rocks is a slow process. The rise of temperature causes 
expansion or stretching, and as the outer layer is at first much hotter 
than the interior, its expansion is correspondingly greater, so that the 
rock mass is, at it were, encased in a skin which is too laige, and 
therefore, tends to buckle or warp. On account of the extreme dryness 
of the atmosphere clouds are absent in these r^ons for long intervals; 
under these conditions the surface of the earth at night gives off or radi- 
ates heat with great rapidity, and the air. near the ground is extremely 
cold. The rock masses then lose the heat which they received during 
the day, and the process is reversed; the outside layer cools quickly, 
while the interior is still hot The skin then contracts and becomes too 
small; it tends, therefore, to burst or fly apart By a repetition of these 
processes day after day and night after night, the surfaces of rocks 
exposed to the sun peel off in thin plates, and in so doing expose fresh 
surfaces, which behave In a similar manner. This mode of weathering 
has been termed insolation (exposure to the sun’s rays); it depends 
essentially on great temperature-diflerences between day and night, which 
is the most striking characteristic of desert r^ions. The Desert of Gobi 
at night has been compared with Siberia, but during the day to the hottest 
part of India; in half a day the temperature changes 40° C. or 72® F. 

In the Sahara the difference is still greater, for the thermometer during the 
day often roisters 140® to 160® F., but falls at night to 4 or 5 degrees 
below the freezing-point of water. It is small wonder, therefore, that the 
rocks often burst with great violence and with a succession of reports 
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which has been compared to small artilleiy hre. The effect is most 
marked in rocks which are made up of small grains of minerals of different 
colours (the so-called crystalline rocks); the rate at which heat is absorbed 
varies greatly with the colour, so that different parts of the rock surface 
expand and contract unequally. In the Sinai peninsula the granitic rocks 
have so suffered by this action that a blow from a hammer causes an 
apparently massive rock to fly into a multitude of small fragments. 

Transportation. — Having now seen how the solid rocks are broken 
up, let us consider how the resulting materials are moved from place to 
place. As the rainfall is extremely small, except at certain periods, running 
water can play but a small part in this operation, and the work of trans- 
portation is carried on almost entirely by wind, which is frequently power- 
ful, and in most desert regions blows from nearly the same quarter for a 
great part of the year. Wind having a velocity of i6 to 17 miles per hour 
is capable of driving along easily grains of sand about the size of small 
shot, but during hurricanes stones weighing 2 to 3 lb. have been known 
to be moved. It is recorded that after a violent windstorm stones from 
I to I If in. in diameter were observed to fall, after having travelled a dis- 
tance of over 90 miles. The small sand-grains and fine dust driven along 
before the wind act on the solid rocks over which they pass in the same 
way as the sand-blast used for engraving on, and drilling holes in, glass. 
Rock-masses and isolated boulders lying on the desert are ground, scratched, 
and sometimes polished like a mirror, so that the whole surface looks as 
if it had been varnished. The .effects produced by the abrasion of wind- 
bome material are peculiar and are only obtained by its means. As rocks 
are seldom of uniform hardness, the “sand-blast” action affects different 
parts in different d^frees; the soft places are picked out and worn into 
curious channels and hollows, leaving the harder portions standing in 
relief. In this way the most fantastic forms are frequently obtained. 

Zeugen. — A large part of the African desert is formed of horizontal 
layers of hard and soft rocks, and the 'surface-level of the desert is usually 
determined by a hard layer which protects the softer beds underneath. 
These horizontal beds are traversed by cracks and joints, which divide 
up the surface into a network. The sand-grains acting along these cracks 
gradually wear away thdr edges and widen them, thus producing deep 
fissures, spreading in all directions and cutting up the surface into a 
number of isolated columns of soft rock, capped by a harder layer. 
Accordii^ to Walther a new* weathering agent then comes into play, 
the mode of actioa of which is instructive as showing how great results 
can be produced 1^ a comparativdy insignificant cause if allowed to 
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act for a sufficient length of time. On account of the rapid cooling of 
the surface by the excessive radiation at night, there is a heavy fall of 
dew, which during the day remains longer in the shady places than in 
those exposed to the sun. The water attacks the solid rock, dissolving 
it slightly and loosening its grains. When the dew disappears the loose 
particles are blown away by the wind, thus increasing the size of the 
shaded area and enabling a greater amount of dew to remain on it next 
time. This action goes on increasing until lai^e hollows are worn away 
underneath the hard layer forming the tops of the columns. As the 
effect of dew is necessarily greatest in the shadow of the protecting cap, 
and decreases away from it, a characteristic form is imparted to these 
columns (fig. 9). They are known by the German name of Zeugen. 
In time the cap becomes undermined and falls, leaving the soft support 
at the mercy of the destructive sand- 
blast. It is then soon reduced to the 
level of the next hard bed, and when 
the other pillars have been removed in 
the same manner the lower bed becomes 
the surface of the desert, and the pro- 
cesses sketched above begin over ^ain. 

The effect of hard and soft rocks is produced in the Egyptian desert 
in quite another way. A hard brown crust of oxides of iron and man- 
ganese forms over the surface of the rocks regardless of their nature. 

It also covers cliffs and projecting massed, from which it frequently peels 
in strips from some cause as yet unexplained. The exposed parts are 
immediately attacked by the wind, and window-like recesses are carved 
out; the rock beneath is hollowed by the combined action of wind and 
dew into large cavities, which frequently unite with one another behind 
the crust A similar effect is produced on the outstanding pillars or 
“Zeugen”, when the peeling of the brown crust in patches allows the 
wind to erode them into the most grotesque patterns. 

The effect of the wind-borne grains on pebbles lying on the desert 
is to wear flat faces or facets on them, and as the wind blows from one 
quarter for a long period, these facets have a constant direction; a 
change of the wind gives rise to new facets. The result, in general, is 
to develop three of these, which meet in an obtuse ang^e.* 

Desert Sand-Graims. — A peculiarity of desert sands is their very 
high degree of rounding, brought about by the continual buffeting to 
which they are subjected against one another and against the surface 

over which th^ pass. As a rule they are almost spherical, and on 
VOL. I 11 
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account of the sorting action of wind are' of uniform size. These 
characteristics ate conveyed, in the term “millet-seed” sands which has 
been applied to them. ' 

At rare interns, violent storms accompanied by heavy rains pass 
over the desert, when all the gullies and channels on the bordering 
slopes are swept 'by water which floods the plains at the foot. These 
floods are remarkable for their sudden appearance and for their violence. 
A great deal of water transportation takes place on those occasions, 
and the corrasion must be considerable, for the blocks carried down are 
often of enormous size, and are usually well rounded. The sand, gravel, 
and coarse material are distributed in sheets on the plain, and such of 
it as is of the proper size is picked up and borne along by the wind 
when the rains have passed. The water which flows over the desert 
disappears partly by evaporation and partly by soaking into the ground. 

It is known that a great 
^ deal of water exists under 

-* many deserts, which can 

Fig. xo.— The Initiation of a Dune. The direction of the wind currenti ][^0 fCcLChcd bv boritl^. 

ihown by the arrowa ^ 

This method is pursued 

along the northern margin of the Sahara, and, in consequence of the 
supply of water thus obtained, a great deal of land has been reclaimed 
for cultivatioa 

Deposits in DbSert Areas. — The deposits around the borders 
of the desert have been already mentioned; in addition to these are 
the accumulations of material by wind agency. These are known as 
DUNES, and are highly characteristic of the agent which produces them. 
Any object, such as a stone or a plant, on the surface of the desert in 

the path of the wind serves to start a dune, but in some cases they may 

arise without any of these. The wind carries along grains of sand of 
various sizes up to a certain limit; a slight lessening of its force causes 
it to dtop the heavier ones; these act as obstacles to the lighter grains, 
which begin to heap around them. As soon as this happens the forma- 
tion of dunes b^ns. The sand is driven up the slope on the windward 
side and blown' over the top; on the leeward side there is some shelter, 
and a wind eddy or swirl is caused. Many of the grains blown over the 
top are carried down by the swirl, and some of them are left where they 
fall; but others are picked up by the upward swirl and carried into the 
wind current ^ain (fig. lo). A swirl of this kind can often be observed 
in a dusty lane when a high wind is blowing across it The dust does 
not accumulate on the windward but on the leeward hedge, as is shown 



DENUDATION IN. EXTREME CLIMATES .83 

in illustration (fig. ii). When a dune has been> started it corftinues to 
grow vertically and horizontally at right angles to the direction of the 
wind. The eddy on the lee side is grealS^' where the' dune is highest,, 
so that the excavation on that side is greater, or, in other words, leff s 
material is Allowed to settle there than where the dl&he is lower. Con- 
sequently the ends pf the dunes are pushed forward more rapidly than 
the centre, and a crescent is formed with the horns pointing forward. 
As a rule these crescents grow end to end, and there is .generally a 
parallel series in front and another be- 
hind. The windward slope is always 
less than the leeward, and a succession 
of dunes therefore presents a profile 
somewhat as shown in the figure (fig. 

12). Variation in the direction and Fjg. ii.-DMgramaiuM»tiiigtho'‘s«irrm 

. . 1 .1 * Mamw Luia. The atrowt indkele the 

force of the wind causes the dunes to diieetim of the wind-ctmenu 
shift or migrate, and veiy complicated 

forms generally result from this cause. This migration of dunes is a 
phenomenon often observed in desert areas, though it is not confined to 
them. When the wind blows from the west in the Desert of Atacama, 
which stands at a high altitude on the borders of Bolivia and the Atgen- 
tine Republic, the sand is driven on to the eastern slopes of the Andes 
in such quantity that it descends into some of the valleys on that side 
like great rivers, grinding and polishing the rocks over which it passes. 

Desert Lakes. — Although on a -laige scale me surface of a desert 
may be a plain, yet there are usually hollows in -which pools of water 
collect at certain seasons of the year. 

In some cases these may be of 
great extent, and the water may 
persist throughout the dry intervals. 

Material is carried into these pools 
by water, and some is blown in by 

the wind. Water carries matter in suspension as well as in solution; 
the suspended matter gradually settles and accumulates on the bottom. 
During the dry spells the quantity of water is much diminished, and 
great stretches of fine mud are exposed round the maigins. The heat 
of the sun in drying the mud causes it to shrink, and a system of cracks 
is developed which is rather characteristic The tracks of animals in 
search of water are imprinted on the partially dried mud, and if a shower 
of rain falls the drops produce a pitting of the surface. By the evapora- 
tion of the water the total amount of disrolved matter increases gradually. 


Fig. 19 . — Ideal Profile of a Series of Dunes. The arrow 
indicates the direction of the prevailing wind 
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.'vlQ.^iiitt' wiiy de|x»ito'.i^ common salt; 

«id bdidr dmthical salts atie frequentiy formed ^in desert areas. Hiese 
facts are mentioned here because, as we. idtall see later, similar {dieno* 
mena have been observed in some of our ancient deposits, and hence a 
clue is obtained as to the climatic conditions under which those deposits 
were formed. 

DENUDATION IN REGIONS OF GREAT COLD 

Around both poles of the earth at the present day there are extensive 
tracts where the mean annual temperature does not exceed that of the 
freezing-point of water (32’ F.), so that the snow and ice which accumu- 
late during the lon§^ winters are not thawed away by the heat of the 
short summers. These conditions also obtain at great heights in various 
latitudes, even on or near the Equator, as, for example, in the Andes of 
South America, and Ruwenzori, or the Mountains of the Moon in Central 
Africa. 

Snow Line. — Places where the summer melting of snows just keeps 
pace with the fall during the winters are said to be on the SNOW LINE. 
In high northern and southern latitudes the snow line descends to sea- 
level, but it rises towards the Equator to a height of about 16,000 ft. 
In Norway it stands at about 5060 ft., in the Alps at about 9000 ft., 
while in the Himalayas it descends 3000 to 4000 ft lower on the south 
than on the north side. It does not follow ^t the whole ground above 
the snow line is occupied by snow, for the slopes are frequently too steep 
to allow of its resting on them; and again, the fine powdety condition 
of the snow which falls in those r^ons renders it- liable to be blown off 
the exposed places into gullies and sheltered hollows. 

Frost. — In cold regions weathering is. brought about by the action 
of frost 'It is well known that a given volume of water increases in 
bulk on freezing, and diminishes by a corresponding amount on thaw- 
ing. During warm weather the water insinuates itself into cracks and 
crevices in the rocks, and when the temperature falls to freezing-point the 
increase in volume forces the walls of the crevices apart As this action 
is repeated the crevice grows wider and wider, until the rock-mass on 
one side or the other loses its. balance and topples over. The result 
is very similar to that f^uced by unequal contraction and expansion 
on rocks in a desert, but in cold regions the action does not depend so 
much upon extremes of temperature as upon a change of a few dq;[rees 




Fig. 13.— The Pulpit Rock, Scilly, ihowing the accumulation of weathered granite (Geol. Survey Photo.) 


cannot accumulate on account of the steep slopes or the absence of 
precipitation. Also, under such conditions transportation by ice or running 
water (see below) is often ineffective, and the shattered rocks accumulate 
in immense heaps until the mountain crest becomes buried under its 
own ruins. This is especially illustrated on the high central. chain which 
traverses the north of Tibet The illustration (fig. 13) shows a somewhat 
similar phenomenon on one of the granite tors in the Scilly Isles. 

Transportation is mainly effected by gravitation, wind, and ice; 
the last is, however, by f^ the most important, and must be treated at 
some leng^. Some of the fragments dislodged in the higher parts of 
a mountain range fall down the slopes, and, vith a constantly increasing 
number of othen loosened and dislodg^ in their progress, shower down 
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tfcem witib niasaw of rock n/t aU 

yijw ^ ' In ^ v<Jl<y» (lonSeHng llie Tibetan ra^ge m«itloned above Ibere 
ia now veiy little transportation \)iy ict cx running water, and the valle)rs 
are being gradually filled up material of this kind. Such valleys have 
a cross section unlike that of ordinary vall^, and are known as PAMIRS. 
Under certain conditions wind may become an effective agent of trans> 
portation, especially when the amount of precipitation is small. 

Ice and Snow. — The quantity of material transported by wind and 
gravitation bears, however, but a small proportion to that carried by ;ce 
and snow. Above the snow line so much of the fall of one season as is 
not wasted by thawing or evaporation remains on the ground until it 
is covered over by the next season's contribution, and thus the falls of 
successive years accumulate to form snowfields. On account of the 
prevailing cold the snow as it falls is in a fine powdery condition, but 
in some way not fully understood it soon passes into a granular mass 
full of air-bubbles; it is then known as nRv£;, or FIRN, which gradually 
passes over into fairly hard but porous ice. The accumulation of suc- 
cessive years sets up great pressure at certain points in the frozen mass; 
when it exceeds a certain limit the whole mass beg^ins to move away 
from the region of great pressure. 

Glaciers. — Once set in motion, the ice continues to move so long as 
the pressure is kept up by fresh accessions of snow; its function as a carrier 
or. transporting igent then begins. Snowfields vary in size according to 
the altitude and latitude. In k>w latitudes they are usually small, but 
those around the poles are of enormous extent. The area of the North 
Polar held has been estimated at 300,ocxD to ^00,000 sq. miles, or about 
5CX> times that of the snowfields of Switzerland; while around the 
South Pole there is believed to exist an area of 3,000,000 to 4,000,000 
sq. miles of snow and ice. In low latitudes, again, the snowfields usually 
form on the high ground at the heads of valleys, and under the influence 
of the' great pressure the ice finds its outlet down the valleys, giving rise 
to those “ rivers of ice ” known as glaciers. Those of the Alps are well 
known, and have been exhaustively studied, and valley-glaciers originating 
in this manner, wherever they may occur, are known as Alpine glaciers. 
In higher latitudes it sometimes happens that the glaciers do not end 
off in the valleys, but descend to the low ground at the foot of the 
mountains, where they unite to form one large glacier. From their 
mode of occurrence at the foot of the mountains they are known as 
Piedmont Raders. Of such the best known is the Malaspina Glacier of 
Alaska. 
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not fiom the h^^iest pc^ttf W tl<i^ witd;*lwrt 
fall of snow is greatest Hyeste fA»kt»'^m&j^U 
sea, Mid there may be more thjKtt one 
An extensive cover of this kind is 
ceed briefly to describe these various 
by them, banning with the simjflest Id(l4t 
Alpine Glaciers.— The slopes above sol 
free from snow and bare of vegetatioo» coiiaeqiWfl<|f ’ W 
form them suffer severely from frost action, and are sfaatfered and ^ 
tered into angular masses of all sizes. Many of tiwse ttnnble on to d 
margins of the glacier, and as the latter moves down the vaSky the debr 
encumbering its sides continues to increase. The material carried 
glacier is known as MORAINE, to which different names are applied accord 
ing to its position in or upon the glacier. That which collects at the sides 
in the manner indicated is known as MARGINAL MORAINE. As the ice- 


stream travels slowly down the valley it is joined by other streams from 
neighbouring valleys; where they meet, one of the marginal moraines of 
the tributary glacier unites with that marginal moraine of the main valley 
which lies nearest to it to form a single moraine occupying a strip along the 
middle, and known as a MEDIAL MORAINE, the others then become the 
marginal moraines of the new glacier. This process is repeated each time 
the glacier receives reinforcements from tributaries, until there may be 
several lines of medial moraines. These do not remain for long as narrow 
strips on the middle of the glacier, but b^n to spread and to wander over 
the surface. If the distance is not too great, the material from two medial 
moraines mingles, and in the lower parts of the vall^ it is often difficult to 
distinguish the lines of moraines amid the litter of rubbish which cumbers 
the surface of the ice. 


The mode of wandering of moraine material is interesting, and takes 
place somewhat as follows: During the day, especially in summer, 
thawing is active at the surface of the glacier, and if a large stone lies on 
the ice it protects the part immediately underneath from the heat of the 
sun. Therefore, while the ice all round is thawed quickly, that under-'* 
neath the stone scarcely suffers, and remains behind as a pedestal on 
which the stone is poised. Thawii^ of the pedestal proceeds very slowly 
on the side away from the sun, but more quickly on the other side. The 
stone is therefore undermined on the sunny side and topples over, leaving 
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improtected tiw little ke. mound, whidi then vanishes quickly, and die 
fMocess is repeated under die stone in its new position. In this manner 
stonM tovel quite long <^tances along the surface of the glacier. The case 
is altogether different if the stone is a thin flat one. Dark-coloured sub- 
stances absorb or take up heat more readily than white or light-coloured 
ones; therefore a stone heats more quickly than ice when exposed to 
the sun’s rays. If the stone is thin this heat is passed on to the ice 
underneath, which therefore melts more quickly than the surrounding 
portions, and the stone sinks until it is too deep to be reached by the 
rays of the sun. Even little heaps of dust will set up this action, and 
holes a foot or two in depth made in this way are of frequent occurrence 
on some glaciers, sometimes proving a trap for the unwary pedestrian. 

Comparatively little material finds its way into the glacier by these 
means as compared with that borne in by streams. When the ice thaws, 
the surface of the glacier is occupied by a great volume of water which 
runs along the margin or finds its way inside along the numerous cracks or 
fissures known as CREVASSES, which traverse the ice often to great depths. 
The stream of water falling into one of these fissures carries with it from 
the surface dirt and stones, which it whirls round and round until it 
succeeds in grinding a hole through the ice and finding its way to the 
bottom. These holes in the ice into which streams of water pour are 
knovm as “glacier mills”. The mill-action sometimes goes on in the 
solid rock underneath, and round holes worn in this way are of frequent 
occurrence in valleys which Have been recently occupied by glaciers. 
Sometimes the stream, before reaching the bottom, finds a channel in the 
ice and follows it, depositing much of its suspended material in its course. 
Such material and all other which is carried in the ice is said to be 
ENGLACIAL or INTRAGLACIAL. Some is also pushed along underneath 
the glacier, and is known as GROUND moraine. 

The average temperature down a valley is higher than at the head, 
so thaf the ice wastes by thawing and evaporation the more quickly the 
farther down it moves. A part of the valley is ultimately reached where 
the waste just keeps pace with the supply, and the glacier can get no 
farther. All the material which was carried in, under, or upon the ice 
is then dropped as a terminal moraine. This follows the form of 
the snout of the glacier, which protrudes farther in the middle than at 
the sides; a crescentic ridge therefore results, which stretches across the 
valley. 

Erosion by Glaciers.— In addition to their actual canying capacity, 
glaciers act as powerful agents of destruction in another way. The great 
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weight of ice moving dowa the vjidley^ {Mesies faesviljr on the hottonai end 
grinds away the surface underneath. action i* assisted hy the etooea 
which have worked their way through tibe i<Se, mid whi^ Iwdd in the 
frozen mass, plough their way along, scoring and grooving tinoeoUd roeler 
the stones themselves suffer a similar treatment, and are 
away. Projecting pieces of rock on the sides of Valtey me 
wrenched off and borne away, tearing and scratdiing ttie 
along their course. Those valleys which have in recent ttmes hd 
glaciers have a character quite their own. The bottom and sides, i 
to the limit reached by the ice, present smooth, worn outlines wb* 
viewed looking down the valley, but a more rugged aspect when 'viewe 
from the opposite direction. Again, faces of bare rock, rounded, scratchec 
grooved, and sometimes highly polished, testify to the intense abrasion 
which they have undergone; they are known as ROCHES MOUTONn£es 
(see fig. 40, p. 3, vol II). 

Glaciated valleys have a broad U-shaped cross section, which to the 
experienced eye at once discloses the agency which shaped them. Con- 
siderable differences of opinion still exist as to the limit of possibility of 
abrasion by ice. Some have claimed that deep lakes of great extent have 
been scooped out of the rock by this means, and that wide valleys have 
been carved to the depth of hundreds of feet in some regions by the same 
agency. Others maintain that the whole power of a eflacier is taken up in 
carrying its load, and all that the ic^ can do is to remove a certain amount 
of loose material from the surface of the laud and slightly polish the rocks 
underneath The truth probably lies in most cases between these extreme 
views. It seems certain that some lakes do lie in basins scooped out of 
the solid rock, though their number is much smaller than it was at one 
time believed to be; further, there is no doubt that in some cases glaciers 
have left a very lasting proof of their efficiency as agents of erosion, but 
in others which were thought to afford similar proof an explanation has 
been found in circumstances that had escaped recognition. 

Glacier Motion. — The rate of movement at various points of a 
glacier has been determined by planting a series of stakes across it, and 
noting their positions from time to time. In this way it has been ascer- 
tained that the central part moves faster than the sides, which are held 
back by friction, and for a like reason the upper layers move faster than 
the lower ones. The motion is greater in summer than in winter, so that 
it depends in some way on temperature. Further, it is conditioned by the 
slope or gradient of the u/^er surface of the ice, being greater for a steep 

than for a low gradient; and finally it depends on the thickness of the 
Vol. l is 
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ice and upon the load, the last having a retarding efiect, as might be 
expected. With r^^rd to the actual rate of motion it has been found to 
vary within rather wide limits. The mean rate for the best-studied Swiss 
glaciem is from i to 4 ft. per day. 

From underneath the end of an Alpine glacier there emerges a tur- 
bulent stream, thick and muddy with the sediment derived from the 
grinding of the rocks within and under the ice. This sediment is known 
as “glacial flour” or “glacial meal”, and is so extremely fine that it 
settles with difliculty in still water. 

Piedmont Qlaciers are best known in Alaska, where several glaciers 
of the Alpine type descending from the Mount St Elias range unite at the 
foot to form the single Malaspina glacier. This type presents certain 
peculiarities which mark it out from the other types. In the first place 
its motion is exceedingly small, and many parts of it, especially near the 
margin, are at rest, or in the condition of dead or stagnant ice; also it 
gives origin to numerous streams which flow along the surface of the ice 
and over the plain beyond, covering that with a vast sheet of pebbles and 
sand derived from the moraines. In places the ice has been stc^ant for so 
long a period that it has been buried underneath these spreads of detritus, 
which now bear abundant vegetation and even forests of tall trees. When 
the ice Anally melts, the whole surface, carrying with it its v^^etable 
growth, must subside bodily. 

Continental Glaciers or Ice-sheets. — These are found around 
both poles of the earth. The,Arctic ice- and snow-fields have been more 
thoroughly explored than those of the Antarctic, but even in the better- 
known r^ion the knowledge hitherto gained has only touched the fringe of 
that huge area of desolation. This is still more the case in the icy wastes 
around the South Pole, which are estimated to have an extent of 3,000,000 
to 4,000,000 sq. miles. This estimate is itself of necessity vague from lack 
of information as to the limits of the ice; but when compared with the 
300,000 to 400,000 sq. miles of the North Polar ice-sheet, about which there 
is still so much to know, the magnitude of our ignorance concerning the 
giant southern field can be to some extent realized. 

Greenland Ice-sheet. — The Arctic i^-sheet has been studied 
chiefly near its southern margin in Greenland and Spitzbeigen. In the 
south of Greenland there is a fringe of land which is free from ice for the 
greater part of the year, and supports a scanty population. Farther inland 
the valltys are occupied by glaciers of the ordinary Alpine type; while 
still higher up the thickness of ice increases, covering more wd more of the 
ridges between the valleys, until flqally all but the highest peaks disappear 
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underneath the mantle of ice and snow. The points which project above 
the sheet are known by the natives as nunatakkr (a term which has been 
received into current glacial literatare under the form NUNATAKS). In the 
inland parts the ice-sheet covers ever3rthing, and appears to rise to con- 
siderable heights in the unexplored r^ions in the centre of Greenland. 

Movement of Ice-sheet. — An ice-sheet behaves in many respects 
very differently from Alpine glaciers. . The latter are confined, as it were 
in grooves, by the sides of the valleys, and are forced to move along those 
grooves. This must be true to a certain extent of the lower layers of an 
ice-sheet; but the upper layers, which are far above all -kmd features, are 
free to move in any direction independently of those.' Thus, it is possible 
for the upper and lower layers of an i<»-sheet to move in different direc- 
tions. An important consequence of the independence of an ice-sheet of 
land features is that motion does not necessarily take place away from the 
points where the land is highest, but from the points where the ice is 
thickest, and therefore heaviest. These are the points where the snow- 
fall is greatest, but are not of necessity the coldest points, being deter- 
mined by various climatic conditions in the same way that the places of 
greatest rainfall are determined in warmer regions. 

Transportation by Ice-sheets. — ^The surface of an ice-sheet inland 
is formed of clean ice and snow, as there are no rocks exposed above it to 
cumber it with debris; but where the nunataks. begin to appear they 'give 
rise to moraines similar to those on an Alpine glacier. The load of an 
ice -sheet is mainly carried by the lower* layers of ice, or pushed along 
underneath, and is therefore known as a SUBGLACIAL load. On account 
of the irregularity of the floor over which the sheet moves, and in other 
ways not yet sufficiently explained, a great, deal of material derived from 
underneath penetrates well within the ice, forming an englacial load. 
Another feature of importance is the elaborate river-system which is 
often developed inside the ice. These streams cany and distribute their 
deposits just as ordinary streams do, and if the ice were to melt away, 
the stream deposits would be • dropped on to the land surface imme- 
diately underneath. As the streams within the ice are obviously inde- 
pendent of the shape of the land, the deposits would cross hill and dale 
alike. Lines and ridges of deposits of this kind have been observed in many 
districts which are known to have undetgone glaciation. TThey have been 
given various names, such as ISAR (pronounced osar) in Scandinavia, 
ESKERS in Scotland, and kames in Ireland. In high latitudes the glaciers 
frequently end ofl*, not in a tapering snout, but in a vertical or overhang- 
ing cliff, which is known as a "Chines wall”. It is characteristic of' 
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, tMtgiM of dbe-tee in Greenland and SfdtebefSnn l^ave dbown that gladera 
can move i^itdU and carry material to considerable helots. This takes 
place by ahmtfing or flipping of tbe.'Iayers of ice over one another, due to 
the great wdg^t pushii^ fimn behind. Marine shells have been found 
in moraine material at a h^^t of 400 ft. above sea level, and must have 
reached that position by an uf^U movement of the ice. In the same 
manner contortion of the frozen moraine material and of the underlying 
strata are produced. The importance of these observations will appear 
when the glaciation of former times is considered. The deposits of the 
Arctic glaciers are somewhat similar in character to those of Alpine 
glaciers, but inasmuch as many of them descend to sea level, other deposits 
are formed in the sea by the melting of icebergs and floes, some of which 
may be carried to great distances away from the parent ice mass. The 
packing and stranding of floes along coast-lines causes the grooving and 
polishing of hard rocks and the contortion of softer strata. 


CHAPTER II 

DENUDATION IN ‘TEMPERATE REGIONS— 
DEPOSITION 

DENUDATION IN TEMPERATE REGIONS 

We have already considered the processes of denudation under extreme 
climatic conditions, and have seen that on the whole they are characterized 
by their simplicity. In temperate regions this simplicity is largely lost 
sight of)' for the number of agents of weathering and transportation is 
much greater, and thdr action is complicated by causes which were 
absent in regions of extremes of temperature. The most important of 
these is the presence of vegetation, which under some conditions actively 
assists weatherii^ and transportation, and under other conditions retards 
one or both of these processes. V^[etation also exerts an important 
influence upon dimate, and as a consequence upon the direct operation 
of denudation. 

Weathering. — Extremes of heat produce results similar in kind 
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V^BTATION.— The weathering action oS vegetation b of a tnofold 
natune, the one a direct, d» other m indirect efbct ti 'b 
that abundant v^ietation, especiaUy of bees and db^ shrubs, inereaM 
the rainfall of a district, and consequently the rate of weariim!^ and 
denudation. This is the indirect effect. The roots of plants, in penetrath^ 
into the soil, loosen and disintegrate it; further, thqr are often inrinuated 
into cracks and fissures in the rocks, and as th^ grow tend to fdree 
them apart This of itself slowly bre^s up the rocks, but in additkm 
it allows water to enter the cracks, so that on freezing it enlai^ them 
still more. 

Another ^ent of weathering, which is much more pronounced in 
temperate regions, is CHEMICAL SOLUTION. Rainwater, which carries 
certain gases in wlution, slowly dissolves the rocks and carries away 
the material. Its solvent effect is greatly increased by the organic Adds 
which it takes up in passing through decayed v^tation. Certain kinds 
of rocks rich in carbonate of lime are removed in large quantities in this 
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way. ♦ 

Agents of Transportation.— Gravity acts in the same way as 
in other r^ons. Wind is less effective on account of the protection 
afforded by plants, but it serves to remove much fine material from the 
surface of the land and to blow it into strdims or directly into the sea. 
Glaciers do not occur, but somewhat similar results are produced on a 
small scale in winter by the sliding and slipping of snow on slopes, 
while, locally, landslips produce very destructive effects. . 

Running Water.— But the distinguishing feature of denudation in 
temperate r^ons is the predominant part played fay runining' water in 
transportation and corrasion. The topcgrafdiy is almost entirely deter- 
mined by this agMt, and the kind of surface formed is, in its main char- 
acteristics, distinct from that produ(»d by wind or by ice; If we consider 
any river system with which we are ftimiliar, we perceive that it is made 
up of a branching series of channds of varying width, length, and depth, 
each carrying a stream of water which bears some relation to its size. 
Each stream, whether it be a runnd'on a hillside or a great body of 
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water like the Mississippi, takes its part according to its capacity in 
removing material from the surface of the land and depositing it at a 
lower level either on the bottom of a valley, in a lake, or in the sea. 
It is convenient to speak of the sediment which a current of water carries 
in suspension or pushes along the bottom as the had. The friction of 
the particles against the bed of the stream wears it down by corrasion, 
so that the action of a stream consists of two parts: (i) carrying its load; 
(2) wearing away its channel. It is important to remember that the 
p6^ of a stteam at t givep point atKi ttoe is a fixed quantity depending 
' so long as these 

do not or diminished. Now, 

jf a'part of the pbpisr ^'taken up in carrying its load, less must be avail- 
able for wearing dpwn its channd; on the other hand, a stream which 
b rapidly wearing away its bed cannot carry as large a load as a similar 
stream which b not doing work of this kind. Thb point is frequently 
lost sight of, and one is tempted to imagine that a river in -flood, thick 
with sediment, must be wearing down its channel at a great rate; so 
far, however, is this from being so that in many cases the stream is 
actually forced to drop part of its load from inability to carry it, and 
is therefore building up its bed instead of wearing it away. 

The POWER OF A STREAM increases with its volume and its velocity; 
the volume varies, of coiurse, from day to day and from season to season 
according to the rainfall; the velocity also increases with the volume 
as well as with the fall or gradient; it depends in addition on the cross 
section of the channel, the nature of the channel whether smooth or rough, 
and on the load, a very considerable part of which is not carried in sus- 
pension, but is pushed or rolled along the bottom. A stream carries 
also what may be termed an invisible load, consbting of substances in 
solution. 

Rate of Transportation by Rivers.— -A few instances of the rate 
at which streams and rivers are shifting material from the land to the sea 
will illustrate the prodigious amount of work done by running water — 
the most effective agent of transportation. 

The Mbsissippi drains an area of about a million and a quarter square 
miles, and dischaiges on an average 600,000 cu. ft. of water per second 
into the Gulf of Mexioa Careful observations have shown that the 
weight of the sediment carried in suspension bears to the weight of 
water the proportion of while the amount pushed or rolled along 
the bottom b trfvr of fhe weight of. water, and the amount in solution 
b about vdW. Taking the dissolved material, thb migh^ stream re- 
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moves every year nearly 113,000,000 tons of the land in this way alone; 
this lowers the height of the draini^e area at the rate of i ft. in 
25,000 years. If we consider the whole of the material this river is 
reducing the average height of its drainage area at the rate of i ft. 
in about 4000 years. The average results obtained from the nineteen 
principal rivers of the globe correspond almost exactly with the figures 
given for the Mississippi. The average height of the land all over the 
globe has been estimated at about 2350 ft., and if the rate of denudation 
obtained above be . assumed to hdd for the whole surface, a simple calcu- 
lation shows that all the land would be (edM6d Mat le^^ ht about 
9^5|pc^iopo years 


this the period iieoessaiy. 

to 7,000,000 years. Of coune^.niim^'wSii^.'^^’ji^^i|^|^ 
the world over; as we have seen, it is 
but its place is there taken fay other a(;enM» 
along the coast lines, which materially 




rivers, has been left out of account As b 

even the larger figure is but a very nnall 

that has elapsed since the globe became Imhltahlr' 

that unless some active process has been it worjl: jpiloAKi^ 

to replace that worn away by denudation Ae sea would have oowa 

the whole surface of the globe Icu^ agps ago. In a liter c^Mpter. 1 

renovation of the land area will be considered, but before goinig on to ti 

question it is necessary to enquire what becmnes of all the land was 

when it has once reached the ocean. We shall see that after a sojoui 

there of greater or lesser duration some of it is destined to become dr 

land once mor^ and be once more subjected to the processes c 

denudation. 


Marine Denudation. — ^The part taken by the sea in tiie denudatioi 
of coast lines must receive brief consideration, for, although in comparisor 
with streams and rivers it is a minor agent, yet in course of time impor< 
tant results are produced by its meana Its functions are twofold, via 
removing and distributing materials which are supplied directly by weather- 
ing along the coast or are carried in by rivers, and wearing away by 
fnction the rocks within its reach. 


The power of (he sea is due, in the first places to the tides, and in 
the second place io the action of wind in raising waves upon its surface; 
its desbtictive effect is due diiefly to the latta* action. 
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Removal and Distribution of WASTE.~>Weathering along the 
coast above the reach of the waves produces angular fragments of various 
kinds of rocks, which slip or fall into the sea, where th^ are subjected 
to a constant movement to and fro along the beach; their angles are 
knocked off by friction against the ground or against one another, and 
th^ are gradually reduced in size. In addition, there is, along most coasts, 
a drift of water in a certain direction, which depends among other things 
on the shape of the coast and the direction of the prevailing wind. There 
is, therefore, a tendency for the material to be transported and distributed 
along the coast; the constant wear which this entails reduces all but 
the hardest rocks to the state of fine sand or mud according to their 
original constitution. Such fine material can be carried in suspension 
by marine currents of moderate force, and, tc^ther with that brought in 

rivers, is transported often to great distances from the source and 
dropped where the currents diminish in force. As the power of the waves 
is usually greatest where the water is shallow, and diminishes towards 
the deep, the coarse pebbles and sand are found near the coastline, the 
fine sands farther out to sea, while the muds and clays occur at con- 
siderable distances from the shore, and in comparatively deep water. 

Destructive Action. — With r^ard to the actual destruction effected 
by this agency, it has been estimated that the amount of material thus 
removed from the land every year is only about a twentieth part of that 
carried by rivers. The features produced along the sea margin have, 
however, peculiarities of their own, which determine to a no small degree 
the type of scenery which gives character to that part of the earth’s surface. 

DEPOSITION 

Littoral, Shallow-water, and Deep-sea Deposits.— When the 
rivers and streams carrying sediment from the land reach the sea, their velo- 
city is checked, and they are forced to drop part of their load. The coarser 
material is usually dropped in their estuaries, or near their mouths, while 
the finer is carried farther out to sea. As we have seen, wave action 
produces similar material around the coasts, which is also distributed 
according to the velocity of the water. It follows that, as a rule, near ' 
the land, deposits of boulders, gravel, and coarse sand are laid down, 
while farther seaward the grains become gradually smaller, and the 
deposits grade through fine sands to muds and clays. Marine deposits 
formed around the margins of continents, may therefore be divided into 
(i) littoral deposits, accumulated between hig^- and low-water marks ; 
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(2) shallow-water d^KMits, which extend on an average from, telfrvwater 
mark to a depth of about 100 fathoms. B^ond this limit the am door 
descends somewhat abruptly to considerate depths, where are frMntied 
what are known as deep-sea deposits. The greater part of the latter 
consists of the remains of organisms, but towards the zone of shallow 
water there is a gradually increasing admixture of mud and day derived 
from the land. 

Extent of Marine Deposits. — ^According to Murray, the length 
of the coast lines of the world is about 125,000 miles, and, if the littoral 
zone be assumed to have an averr^ width of } mile, the area on 
which coarse material is laid down is about 62,500 sq. miles. Shallow- 
water deposits have been estimated to cover an area of about lOfiOO/xx) 
sq. miles, while the deep-sea sediments cover considerably more than 
one-half of the superfides of the globe. 

Compositions of Littoral and Shallow-water Deposits — 
In both shallow-water and littoral deposits the remains of animals which 
lived on the bottom, and of others which floated near the surface, are 
buried, and if the deposits be upraised at a later period to form land 
those remains indicate the nature of the animals which inhabited the 
sea at those depths. The parts that resist decay are the hard parts, 
such as the skeletons and shells, which are formed diiefly of carbonates 
and phosphates of lime, derived from the salts carried down in solution 
by rivers. It is only excepflonally, however, that the organic remains in 
these zones bear any considerable proportion to the amount of sediment 
mechanically derived from the land. 

Deep-sea Deposits — Ooz£& — In the deeper parts of the ocean, how- 
ever, it is quite otherwise, for there the quantity 6f mechanical sediment is 
extremely small, and the deposits are made Up almost exclusively of the 
remains of organisms. In many parts of the warmer seas, islands occur 
which are built up 'of die remains of generations of dead corals; the 
bottom of the ocean around these islands is covered by a fine white 
sand and mud derived from the breaking up of the coralline growth by 
wave action. Such d^iosits, from the nature of their origin, are local and 
only of limited extent The largest areas of this kind occur in the 
Caribbean Sea and the Gulf of Mexico, ofl* the north and north-west 
coasts of Australia, and towards the centre of the Pacific and Indian 
Oceans. Other deep-sea deposits are known as Oozes, and the various 
kinds are distinguished according to the nature of the organisms which 
gave rise to them. The most important of these is GMigerina ooae^ 
formed chiefly of the tests of GlobigtHna and other members of the 
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ilgi^ jlN( li.ic^Miwlttri^ by » iii|^ ti<)ireenl;t^ of eubonsiM d finKt- 
jund aMi|^UMl% but this dUninishas ccMiiddemUy dt great depdis, owing, 
it l» supposed, to solutimi of,the carbonates fay sea water under the 
enormous jHressures which obtain at those depths. Mineral particles are 
not altogether absent, but the grains are mctremely minute, and are pro- 
bably derived from volcanic dust settling down in the ocean. Another 
kind — Pteropod ooz » — ^is chiefly confined to submarine ddges in the Atlantic 
at depths not exceeding 1400 fathoms. It is formed almost entirely of the 
tests of Pteropods and Heteropods. The animals whose remains go to the 
formation of these deposits live in the surface waters of the r^ons where 
they occur, and on their death their tests shower down to the bottom. The 
Diatom and Radiolarian ooses are characterized by much less carbonate ol 
lime and a greater proportion of silica, and are formed mainly of the 
remains of animals (radiolaria) and minute plants (diatoms) whose tests are 
siliceous. Diatom ooze is almost confined to the southern Pacific and Ant 
arctic Ocean, where it occupies an area estimated at nearly ii,cxx),(xx 
sq. miles. 

Abysmal Deposits — Red Clay. — In the deepest parts of the oceai 
there exists an extremely fine-grained ted or grey clay, in which ar 
scattered nodules or concretions of iron and manganese oxides. The mos 
interesting featiue of this deposit is the extreme slowness at which it i 
forming. It contains a large number of teeth of sharks and earbone 
of whales, some of which are /juite dean, while others are coated wit 
a thick crust of iron and manganese oxides. This crust is itsdf probabl 
of very slow growth, and the fact that the teeth and bones coated with 
have not been covered up shows how slow must be the accession of sed 
ment Further, some of the sharks’ teeth suggest fossil forms, which ha^ 
been found in Tertiary strata. It is therefore possible that at those grei 
depths, the deposits of long ages occur mingled together. Some of tl 
minerd grains are probably of volcanic or meteoric origin. 

Sedimentary Rocks. — It is found that most of the sedimentary rod 
forming land areas at the present day are such that they must have be( 
deposited in comparativdy shallow water at no great distance from shor 
lines, so that the deep-sea sediments of modem oceans are of less vali 
in ducidating the past history of the earth than those forming in small 
depths. It is true that there are large areas of the earth’s surface whi 
are made up of rocks derived almost entirely from the remains of mari: 
organisms; but in>m anal(gy with the distribution of living organisms it 
nearly certain that the former inhabited fairly shallow water. The fimdon 
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mainly concerned with the study of the firii^ of varyihg:Uddth' around 
our coasts, which lies roughly betwe^ the high-tide maiic and the lOO- 
fathom line. The first effect of the steady deposition of material ori the 
sea floor is to cause a shifting of these limits. As the coar^ sedimmits are 
spread over a much smaller area than the finer grades, the- depth of water 
near the coast diminishes more rapidly than away from it, and the littoral 
belt is gradually extended out to sea. The coarse gravel and shingle 
accompany it, and are therefore accumulated over a strip where previously 
only coarse or fine sand was formed. In the same manner, but more 
slowly, the belt of sand is pushed outwards over the muds, and these 
towards the greater depths. If therefore, after a long phase of sedimen- 
tation, one could obtain at any one place a section vertically through the 
whole mass of deposits, there would be found fine sands and muds at' the 
bottom, coarser sand in the middle, and gravel and shingle at the top, 
in fact a similar succession to what would be found at any one time in 
passing from greater to lesser depths. * 

Effect of Earth Movements on Depth of Sea.— -T he depth of 


the sea may vary in other ways; the most important of these is a slow 
movement by warping or buckling in the crust of the earth. If the move- 
ment tends to raise the sea floor the shore fringe pas^ into dry land and 
the belt of littoral deposits presses outwards as described above; but if the 
movement tends to depress the sea floor the changes are reversed — the 
coarse deposits extend towards Ae land and finer sediments are deposited 
vertically over the bdt where gravel and shingle were once fprmed. The 
column of deposits under these conditions b^ins with mud at the top, 
passing down through sand into gravel and shingle. If, as usually hap- 
pens, alternate rise and fall succeed one another, the sediments vaiy 
accordingly, and the vertical column shows alternations in grade from 
fine to coarse and from coarse to fine. 

Variation in Deposits— STRAT incATiON.— Such movements and 


variations take a long time to be completed, but small changes are in 
constant operation. During heavy rains the amount and kind of material 
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ilioivirBiti^ to idKe dinectioin and- jEmrce ofldie wind and other db 
mat^^DQdidoa^.sad die kind of rocks attackedfby the rivers may vary 
from time to tim^ giving rise to diiferent kinds of sediments. From any 
w ail of these catuies die deposits foitning at any one (dace are continually 
varyii^ in kind and in grade. It is found that different kinds are usually 
separated by fairly sharp planes of demarcation, so that a vertical section 
through the accumulated mass shows a series of bands l)ring horizontally 
and of varying thicknesses, according to the conditions which prevailed 
during their formation and the length of time during which any given 
conditions lasted. These horizontal layers are known as strata or 
BEDS, and the planes of separation are known as STRATIFICATION- or 
BEDDING-PLANES. Sometimes one or more of these layers is traversed 
by a large number of horizontal planes dividing it up into thin flakes or 
laminae; these are known as lamination-planes. 

Law of Superposition. — One most important consequence of the 
mode of formation of these horizontal layers is that the lower layers must 
have been formed before the upper, and are therefore older in point of 
time. This is a fundamental principle of Geology: that strata can be 
aurranged in order of from observation of the order in which they 
succeed one another. Howeveit’ simple or dbvious such a principle may 
seem at the present day it was only comparatively recently that it was 
reagnized, and it was even then only accepted gradually as the result 
of the accumulation of proof. We shall see in the sequel that the 
various accidents which befall the rocks after th^ are formed some- 
times reverse the apparent order of superposition, so that strata which 
were deposited later lie underneath those which were formed before them. 

Law of Fossil Contents. — In view of this possibility the principle 
must be applied with caution, and in some cases must be supplemented 
by evidence of another kind, which is usually furnished by the organisms 
inhatnting the sea when the rocks were formed. At their death tiieir 
remains fell to the bottom and were covered by sediment, and thus lodced 
up, as it wer^ for future reference. They are known as Fossils. As 
a rule it is only those organisms that are furnished with hard parts, 
such as shells or skeletons, that leave traces of this kind; other organisms 
at their death decompose and leave no marks behind them. If we could 
observe the whole column of sediments formed at any one place, we should 
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coming this column witii titst ali^aallecItiQr^'l 
that the oiganic remains were similar and 
change, in the same order, in passin|f up tiiro^. ed^nii^ and 
in fact, the two columns under comparison could he brtd^ dp into a^ptuahe 
pieces in such a way that the fossils in a given {»ece of mie^lumn coi^ 
be matched with those of a corresponding {uece of die odiar column, and 
similarly for the other pieces. This is the foundadon of the seornid great 
principle underlying Geology, viz. that strata, wherever found, wfaidi 
contain the same organic remains, (fossils) were formed at apfuoxiihatety 
the same time, that is they are said to be of the same age^ Reverting to 
our illustration of the comparison of the columns, if we had made a cardbl 
study of one column, notit^ the organic remains and the order in whkh 
they made their appearance, then by means of this principle we ocudd 
piece tc^ether the other column and restore it to its or^nal order, if i 
were found broken up into fragments which were shuffled up together. I 
must be noted carefully that before this principle can be applied the organ] 
remains must be studied at a place where'there is no doubt of tim reiati\ 
age of the strata; but once this is done for one area the principle can b 
applied to other areas to determine the or^nal order of stipeipositioi 
when this cannot be directly observed. In this way strata which occur ii 
detached areas can be identified by means of their oiganic remains witl 
those of a better-known district, and their relative ages can be determined 
by reference to that district The two fundamental principles must be 
used timber wherever possible, for it has been found 1^ experience that 
when either has been applied to the exclusion of the other it has almost 
invariably led to erroneous results sooner or later. At one time there was 
a tendency to treat them apart; one group of geologists trusted in the 
rdative order of superposition and disr^arded the evidence of tiie in- 
cluded organisms, especially when it clashed with tiiat of the apparent 
order; while another group cpntmted themselves with collecting and 
describing the organic remains witiiout concerning themselves with the 
order superposition of the rocks frpm which th^ were doived. At 
the present day most geologists endeavour to combine the two principles. 


, ; Consolidation oy pEPOSixfip^el^ ftdiv tJaced the 
^udation from tbe solid irodka of UifliCmtafto their resting place on 
the ocean frKW,' whole in course ti^ tmdelgo certain sli^t changes 
hi the direction of hardening and compacting the loose particles into more 
solid masses. The increasing pressure of the accumulated body of sedi- 
ment contributes to this, while the mc^ment of water among the grains 
dissolves certain constituents from one part and deposits them in another; 
mineral substances in solution are also carried in from the sea waters and 
deposited around or between the grains, which in this way become com- 
pacted into more or less solid rocks. The chief cementing substances are 
carbonate of lime, carbonates and hydrates of iron, and silica, all of which 
are soluble in water to a slight degree under ordinary conditions, but their 
solubility is probably increased by pressure. Under certain conditions 
there is a tendency for mineral particles of one kind to aggregate together 
to form what are known as concretions. They are most frequently formed 
of carbonate of lime, but sometimes also of iron compounds, and more 
rarely of silica. By the cementing processes the clays and muds often 
pass into SHALES or compact mudstones, the sands into SANDSTONES, 
and the gravel and shingle into CONGLOMERATES or PUDDINGSTONES, 
while the calcareous muds become more or less solid limestones. Such 
changes and others which serve to harden the rocks are assisted by those 
movements of the earth’s crust which uplift the sea floor to form diy 
land, a subject which will receive fuller treatment in the next chapter. 


CHAPTER III 

EARTH MOVEMENTS— IGNEOUS AND 
. ; METAMORPHIC ROCKS 

External and Internal Agents. — ^The for^;oing brief review has 
shown us that at the present day there are various processes in operation 
which tend to modify the. external surface of our globe. Those so far 
examined act from ^e ou/suie, and their eflect is steadily to remove 
material from the surface of the land and to pile it on the ocean floor. 

Inasmuch as a continuance of this operation for a sufficient length of 
time would reduce all land to the level of the sea, it follows, either that the 
time during which it has acted has not been long enough, or that- there 
must be Mme other forces whi^ have an opposite tendency, causing new 
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tact, known tbat n 

which can be proved, bo^ by cona^tiitiw by ih^ oigi^ rti<( v' 
msuns, to have been derived from a pne-exiadi^ Uu^ atea'aisd dqpoidted 
on an ocean floor. Also, in many places, the beddh^t* W'StiatificatkMh 
planes of these rocks are h^bly indined or eVen overturned; and as from 
their mode of fmmatton these must at one time have been hoffrontal, 
it is evident that they have sufleied considerable displacemont ^noe that 
time. The cause or causes which brh^ about these and analogo^ results 
comprised in the term Earth Movement have their origin inside the 
crust of the Earth. 

Causes of Earth Movement.— It is probable that the slow cooling 
with attendant shrinking of our globe is the primary factor in cauiung 
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displacement of one part of the earth’s crust relatively to another, it is 
a physical law that the higher the temperature of a body the more quickly 
does it lose heat and contract; therefore the inside of the earth, being at 
a much higher temperature than the ou^ide, must shrink more rajMdly 
and the external layers tend, therefore, to sag down under their own 
weight. This sets up enormous strains in these layers, some parts being 
squeezed together, while others are pulled apart The squeezing causes 
gigantic waves or wrinkles to develop in the earth’s crust, which are the 
mountain chains; the stretching in other regions causes enormous frac- 
tures, along which parts of the suriace are dropped nearer to the centre of 
the earth, while others remain stationary, or are pushed away from it 
Mountain Building. — Mountain chains may be of every d^[ree of 
complexity; one of the simplest types is that in which frie strata are 
thrown into one symmetrical wave or succession of such waves. A single 
wave is known in Geology as a FOLD, and is made up of a CREST or 
anticline, and a TROUGH or syncline (see fig. 14). Such a structure 
results from the application of lateral pressure to the strata, which fon^ 
them to bend in the same way that a sheet of paper laid on a table bends 
when the ends are pushed towards <me another. Continued application of 
pressure increases the height of the fold' in comparison with its vridth, until 
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tile tipper part tends to overhang the base, whQe extreme pressure may 
cause that part* to be detached; the sides of the fold are then replaced 
by fractures, or FAULTS as thq^ are termed (fig. is). A mountain chain 
usually consists of one or more laige folds, each made up of a .succession 
of smaller ones, and the crest of each fold may be bounded by faults, 
which become more numerous and more important towards the centre 





Fig. c, Diagram Uluatrating the Passage of a Symmetrical Fold into a Faulted Arch, r/, r, 

Diagram illustrating the Passage of an Unsymmetrical Fold, or Monoclinal, into an Overfold and an Or 
thrust. 8. sentum: p. fault: t. overthrust (after Marr) 


of the chain, where the pressure was most severely felt. It is on such 
a plan that the Alpine chain is built up, and this structure is therefore 
known as Alpine structure, or sometimes “fan structure” (fig. i6), 
from the peculiar arrangement of the folds. 

Another and more commonly occurring type of fold is unsymmetrical; 
in this one side, usually known as the SEPTUM, is more steeply inclined 

than the other (fig. 15, <f). 
More intense pre.ssure 
increases the. inclination 
of the septum till it over- 
hangs, producing what is 
known as an overfold, 
where the older strata 
Pi* — Idol RepiMeBtatiaa of the Folding of dw Alp* ("fan Mracture”) rest Upon those of later 
(after umr) Under further stress 

the fold is ruptured along the septum, and the . crest of one fold is then 
driven forward along the plane of rupture towards the crest of the fold 
in front A fracture of this kind is called an OVERTHRUST FAULT, or 
more simply a thrust. The transition from a simple fold to an over- 
thrust fault is shown in fig. 

The more complicated structures occurring in mountain chains ckn 
usually be resolved into a succession of simple symmetrical or unsym- 
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metrical folds combined with ovathrusts, w^ch, fttMn dteSr mode cf 
formation, must lie nearly parallel to the direction of the folds, tn' 
general it may be said that in a complicated mountain diain the outside 
folds are more or less symmetrical and free from fractures, while the 
inner folds are unsymmetricad and accmnpanied by fractures. 

Rate of Elevation. — Although the folds into which the strata are 
thrown are often exceedingly sharp, it does not follow that the' forces which 
produced them were rapid or sudden in their action. Indeed there is 
evidence that the elevation of mountain chains has been an exceedii^ly 
slow operation, and cases are not unknown where rivera have been able 
to cut down their channels at a rate sufficient to maintain their courses 
across a chain in process of formation, which serve to show that the eleva- 
tion in those cases must have been very gradual The increase of com- 
plexity which may be observed in passing inwards from the margin of a 
mountain chain towards the centre may be regarded as giving a picture of 
the succession of events during the formation of the chain, and in this 
connection the account given by various writers of the movements along 
the southern margin of the Himalayas is particularly instructive and 
interesting. 

Structure of the Himalayas. — The Himalayan range rises in a 
succession of hill chains of increasing altitude out of the wide Jndo- 
Gangetic plain which extends across northern India. First come the 
sub-Himalayas or foothills, rising to about 4000 ft ; they are followed 
by the Lower Himalayas, which ascend tt> about 12^000 ft.; still farther 
to the north lies the main range of snowy peaks reaching an altitude 
of 28,000 ft. and over. North of the main range is the upland plateau of 
Tibet, of great elevation, and characterized by a dry climate. On this 
plateau, and therefore beyond the line of snowy peaks, is situated the main 
watershed of northern India, and the rivers which drain in a southerly 
direction reach the Indo-Gangetic plain. The materials borne down from 
the mountains are deposited when the low ground is reached, and con- 
sequently the hills are fringed with accumulations of gravel, sand, and 
mud. These deposits are naturally thicker and coarser near the great 
rivers, and grade to finer material between them. 

The foothills are composed principally of gravels, conglomerates, sand- 
stones or sands, and clays belonging to what is known as the Siwalik series 
of Upper Tertiary age. Th^ become successively coarser from below 
upwards, for the Lower Siwaliks are clays and fine sandstones; the 
Middle Siwaliks are similar, with strings of pebbles, which become noore 

abundant in titc upper part, and pass into die coarse gravels of the Upper 
voi. 1 14 
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Siwaliks. The Lower. Himala)^ , and main range consist principally of 
ciystalline and sedimentaiy rocks of great antiquity. 

The Upper Siwalik rocks of the foothills are so like in appearance to 
the gravels and sands spread out on the plain by the rivers at the present 
day that there can be no doubt that they have been formed in the same 
way. Further, the distribution of coarse and fine materials j^pees so exactly 
with that of the modem deposits that they must have been carried by the 
same rivers flowing from the hills on the north and accumulated on a plain 
similar to the modem plain. The central parts of the Himalayas must 
therefore have been in existence at that period. But the foothills' now 
rise to about 4000 ft. above the plain, and the rocks, instead of forming 

Ii^vt9r%yifa1 infrfc cfiarrs fXMe wHirli ar^ CUt llltO by thc 



Fig. i7.~Diagram Ulustvating the growth of the Southern Himalayas, m, margin of plain; a, recent graveb; 
s, Siwalik rocks ; r, old sedimentary rocks ; a, orystalline rocks: r, overtbrust. [Note gradual increase in 
the amount of folding and faulting towards the centre of the chain.] 


modem rivers coming down from the interior. It is evident, therefore, that 
what was once a part of the plain has been disturbed, elevated, and 
exposed to considerable denudation; that, in fact, the southern boundary 
of the Himalayas in the Siwalik period was many miles to the north of its 
present position, and has crept steadily southwards towards the plain since 
that time. The modem gravels rest on the tilted-up and eroded edges of 
the Siwalik rocks, for the latter, -where they come in contact with the 
deposits along the northern raai^gin of the present plain, are thrown into 
an anticlinal fold in which the south side is steeper than the north, and 
may be vertical or even inverted; in certain parts an overthrust fault is 
believed to exist along this line. 

Passing now to the inner or northern maigin of the foothills, where 
they pass into the Lower Himalayas, it is found that the stmctures are more 
complicated; the boundary between the Siwalik series and the older sedi> 
mentaiy rocks, probably of Palaeozoic is found to be a great reversed' 
fault accompanied 1 ^ one or more overturned anticlinal folds. From the 
distribution of the Lower Siwaliks, and from aiudc^ with the conditions 
at the margin of the modem chain, it is orobable that this fault coincides 



EARTH MOVEMENTS 



Fig. 18.— Diagram of a Normal Fault. The amount of 
actetehing of the atrata ahouni by ^ shaded area 


approximately with the southern limit of the range durii^ tiie foi^nii^ioe \ 
of those rocks, and therefore msurks a still earlier position. The Siwaliks 
themselves are traversed by several reversed faults of great magnitude 
and each appears to mark successive positions of the southern margin as it 
advanced towards the plain. The appended dis^;rammatic section (fig. 17) 
across the outer zones shows the gradual increase in the intensity of the 
movements from the margin to the interior. From die above account 
it follows that the elevation of 
the Himalayas was by no means 
a sudden movement, but was more a * 

of the nature of a gradual growth 
both in lateral extent and in 
altitude, which lasted through a 
great part of the Tertiary period. 

The greater complexity of the 
interior is therefore due to the 
longer duration of the movement there; for the same reason the height 
of the range increases steadily from the margin inwards. 

Faulting. — ^The kind of structures we have been considering are due 
to lateral compression' of the rocks, but another kind results where die 
strata are subjected to tension tending to pull them apart The stretching 
is accomplished by a tearing of the strata, and subsequent slipping along 
the FAULTS or tears, the type most commonly occurring being known as 
NORMAL FAULT (fig. 

18). It is easy to see 
that by such faulting 
any two points A and 
B on a given stratum 
are farther removed 
after the operation 
than before. The 



Fig. 19,— Sctp*F«iiiting. The amount of ttratching is represented by the 
spaces between the Woken lines 


amount of stretching is indicted by the shaded space. Such structures 
lead to the formation of troughs in tjhe strata, which may be the result of 


a single normal fault on each side, or more usually a succession of such 
faults, known as STEP FAULTS (fig. 19). The extension is shown by the 
spaces between the broken lines. Normal faults frequendy accompany 
the elevation of a mountain dliain, but in distinction to the overthrusts 
they trend at r^ht angles to the direction of the chain, or parallel to die 
pressure which uplifted ft. This indicates that in addition to lateral com* 
pression actit^ across the chain therd must be a tension acting along it 



^c^ip^nalxm mmI fstorti<«^ of the ettata 
ate iwld respoAsiUe foir much of emeigence of land from bdoar .the 
^ it is ito the otto type of movement that widespread subsidence of 
blocks of the earth's crust is attributed. 'It has been observed that after 
the forces of upheaval, have alm<»t or quite expended themselves in a 
r^on, there is a tendency for parts of diat region to subside along normal 
faults. It is as if those forces had overreached themselves, necessitating 
a falling back of some of the uplifted portions in order to restore the 
equilibrium. Subsidence by normal faulting is not, however, confined to 
regions which have suffered compression, but may. occur in quite other 
parts of the earth's surface. It is claimed by Professor Suess that the 
deeper parts of some of the great oceans, notably the Atlantic and Indian 
Oceans, have originated almost exclusively by the collapse of enormous 
blocks of an ocean floo'r, or' of a land area which formerly occupied their 
sites, and, further, he supposes such collapse to be of comparatively recent 
date. References to those movements will frequently be made in the 
sequel 

Volcanoes and Earthquakes. — The stoiy of earth movements 
would not be complete without some reference to those phenomena of 
volcanic activity and earthquake shocks which accompany them. It 
was at one time believed that the upheaval of portions of the earth’s 
crust and the attendant folding and faulting were mere surface indications 
of deep-seated volcanic forces, while powerful earthquake shocks were 
held responsible for widespread cataclysm^ changes, which altered pro- 
foundly the aspect of the earth's surface; in other words, volcanic activity 
and earthquakes were the causes and earth movements were the effects. 
The balance of modem opinion tends to reverse that view; it is held 
that the surface eruptions of volcanic material and the injection of molten 
masses into the rocks at a depth are only local effects of those powerful 
forces, which produce widespread elevation or depression of parts of the 
earth’s crast, while it is known that violent. earthquake shocks may result 
from quite unimportant displacements; indeed, those displacements are 
often so small, that thqr produce no measurable change of level in the 
r^on affected by them. 

Magmas— riGNEOUS Rocks. — Vulcanicity may be considered under 
the heads of external and internal procetos, which stand, however, in 
intimate relation to one another. Deep down below the surface of the 
earth there exist in- many r^ons great reservoirs of molten rock; 
whether thty form part of a universal molten interior, or of a liquid 
shell between a sdlid crust and a solid core, or whether thty have. Arisen 



as well as oxides and sulphides of certaiit 
ing to the relative proportims of silu 
roughly divided into ACID and BASICS the fmner fadi^ rid^ in s/iica 
and poor in the metals, while in the latter the proportions are reversed; 
those of a mean composition, in which the proportions are more evenly 
balanced, are said to be INTERMEDIATE, while certain magmas exception- 
ally poor in silica are styled ULTRABASIC. The rocks into which such 
magmas solidify on cooling are classified in a similar way. It may be 
remarked that the melting down of sedimentary rocks would, in general, 
give a magma differing in chemical composition somewhat markedly 
from those existing at, or derived from, the deep-seated portions of the 
earth, although the source of all sediments can be ultimately referred 
to rocks which had their origin at great depths. The reason is, that 
the process of weathering is almost always attended with the removal 
in solution of certain constituents, which, becoming distributed throughout 
a laige body of water, enter into the composition of sediments of quite 
a different r^on from that where the insojuble constituents are deposited. 

In other words, the denudation of rocks by weathering results in a scatter- 
ing of their constituents which never reunite in the same rock mass. Of 
course, by the melting up of a judicious selection of various types of 
sedimentary rocks, in certain proportions, it is probable that any given 
magma could be simulated, but such a selection cannot well occur in 
nature. It follows, therefore, that most magmas are of deep-seated origin, 
and that no part of their bulk has been sufficiently near the surface of 
of the earth to have suffered denudation. 

Origin of Magmas. — Adopting the more probable suggestion that 
they result from the melting of rocks previously solidi it is necessary to 
enquire why liquefaction should occur. Increiue of temperature by 
chemical combinations, by intense crushing, by the accumulation of 
thick masses of sediinent at the surface and consequent bottling up of 
the internal heat of the earth, or by a- char^ in oompositi(m of the 
magma have all been appealed to as sufficient causes to bring about 
liquefaction. It is likdy thrt each of them acts in the right direction, - 
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Behaviour o:^ Magmas-— Metamorphism.— When liquefaction has 
set in, the magma obeys approximately the laws govemii^ the behaviout 
of Buids, and flows towards the re^ons where the pressure is lowest, until 
equilibrium is restored. The ma^^ma therefore forces its way into the 
overlying strata, insinuating itself wherever the opposing pressure is not 
too great. If planes or lines of weakness exist, they ofler a ready passage 
to the molten mass. This is probably another reason why volcanic activity 
should so constantly accompany earth movements, for those disturbances, 
as we have already seen, result in the production of enormous fractures, 
which probably penetrate to great depths. Also, in the earlier stages, the 
stresses in a r^on are irregularly distributed, else no movement could 
occur, but towards the end they become adjusted or relieved by the fold- 
ing, faulting, and crushing of the strata. Unequal stresses are obviously 
favourable to the intrusion or injection of the molten material. Its 
ultimate resting place is usually among rocks which are at a much 
lower temperature than itself, and in many cases it reaches the surface 
and flows out thereon; but the consideration of such is withheld for the 
present. The rocks through which it passes, and those among which it 
comes to rest, are profoundly altered by reason of the high tempera- 
ture of the molten mass. The extent of the alteration depends on the 
depth, which determines the time taken in cooling; the composition of 
the intruded magma, which determines its melting-point; the nature of the 
affected rocks; and on the distance of the latter from the source of heat. 
The changes produced in the surrounding rocks are comprised in the 
term THERMAL metAmoRPHISM, while the whole region over which they 
are manifested is known as the metamorphic aureole. The chemical 
elements entering into the composition of the minerals in the rock recom- 
bine to form different minerals, and in extreme cases the original rock 
is entirely changed in aspect and in mineral composition. At greater 
distances, where the temperature is lower, the changes are less marked, 
and only make themselves felt in the more easily altered minerals; but 
near the contact with die magma, portions of the containing walls are 
often profoundly altered or even melted down. 



nearly reaches the sur&o^ tile cover of rodcs^ small; ooolmgr til^ 
takes place quickly, and' the metamorphism is copsequeA^ mu^ less 
pronounced. The appearance of the cooled rode is also differoi^ for 
after crystallization has proceeded some time, and ciystds of considerable 
size are floating about in the magma, the remainder ten^ to solidify 
suddenly into a mass of minute crystals, or more rarely into a glass. Any 
large intrusive mass sends off innumerable tm^iues and vdns of molten 
material into the surrounding rocks; some of these often penetrate to great 
distances from the parent magma, especially along planes of weakness 
Their consolidation takes place in the manner just described. Those tiid 
spread out in directions more or less parallel to tiie stratification of tiM 
rocks are called SILLS, while those that cut across tiiem at an angle are 
known as DYKES. 


.distii^g^iishiib^ . 

COOLIKC OF MAOkiiu-r-The case is soiiniBa dM ti.j M feisrt b if ihe i^ 


Lava. — It is probable that the material which wells out in volcanoes 
is fed from some large, undeiground reservoir, and has been enabled to 
reach the surface by following important planes of weakness; f<v the 
tendency of volcanoes to be arranged ip lines along prominent faults 
is well known. The molten material pouring out from the opening 
flows over the surface as sheets of lava until it is prevented from doing 
so by cooling and solidification. The distance to which individual flows 
reach depends on their chemical compositiqn — basic lavas, being more 
fluid, reach to great distances; wlule acid lavas, being viscid, the flows 
pile themselves around the aperture or vent, and rapidly decrease in 
thickness away from it There is thus a tendency to build up the cone> 
shaped hills characteristic of recent volcanoes. 

Volcanic Ashes. — Iri most cases, however, lava flows play but a sub- 
ordinate part in building up the cones; in the intervals of lava eruption 
great quantities of ashes, cinders, and fragments of consolidated lavas are 
hurled out of the crater and piled on the slopes around. Such fin^entary 
material^ are probably (Mbduced by tiie forcible escape of steam imprisoned 
in the hot lava; the " smoke and flame ” of popular descriptions of volcanic 
eruptions are only immense clouds of steam, black with innumerable 
solid prides, which rdlect the lurid glow of the molten mass in the 
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nedc of the voicana Some ccmes are built up entirely of ashes an* 
wiKhobt tony Java floury while othera are formed of altemat 

li|pM«iiee of the aurfhoe o 

1^ w«*«» «p ^ ' 


fw Wown up into i 

. ^Meutai^ W oelhilar mm, Hho baked bfM as pumice^ by th< 

«sei^ of steam on cooUng; others have a odled or ropy surface, pro 
duO^ by tixe rolUi^ 'over and over of a half-consolidated pasty mass 
while others are strewn over with sharp, angular fragments, splinterer 
from the consolidated upper layers by the pressure of the movement ii 
the still-fluid interior. The c<msolidated rock or lava usually shows laigc 
well-formed crystals of various minerals set in a matrix of minute crystals 
usually mixed with a certain amount of glass; in some the glass pre 
dominates, and in others the large crystals may be absent, the rock bein{ 
then an exceedingly fine-grained compact rock or a glass. 

Intermittent Nature of’ Volcanic Action. — Most volcanoe 
are intermittent in action,, violent periods alternating with long period: 
of quiescence or total ina<;tiyity. During the eruptions, part of the crate 
is often blown away, and the next accumulations are built up on its ruins 
The famous eruption of Krakatoa, in 1883, blew away the greater part o 
the crater in one tremendous explosion. Small “parasitic” cones oftet 
cumber the slopes of the volcano, and are connected with the main orific< 
or neck by fissures. An old volcano which has been dissected by the 
weather often shows a great number of ribs' of lava or dykes which hac 
penetrated along such fissures in all directions. 

The height of the cone in relation to its width depends largely on th( 
nature of the materials; basic lavas form low cones of great diameter, whik 
acid lavas form narrow cones of considerable height; those made up mainl} 
of lavas have a gentle convex outline; but where ashes and' cinders take : 
prominent place the cone consists of two concave portions meeting at the 


apex. 

Another type of eruption is known as FISSURE ERUPTION, where the 
lava wells out, not from a single vent or orifice, but along the whole lengtl 
of a fissure. In suCh eruptions the lavas are usually of basic types, anc 
from riieir fluidity flow to great distances; the materials from many fissure: 
uniting together give rise to a vast sheet of lava, which enters into all the 
irregularities, of the surface just like a body of water. It is probable that 
such eruptions are due to the sinking of large blocks of the earth’s crust 
into a huge reservoir . underneath, the niolten material being displaced 
according to well^cnown hydrostatic Taws; it is {xobable also that such 
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cated in a later chapter, while the vulcanidty .of ps^ pcsit^ dm earth 
will be referred to in connection with those poffc^ -tiiV'" 

Earthquakes. — It has been remariced tiiat gonen^ly precede 
and accompany volcanic oiipticMis, and from the dose connection of se^nic ; 
areas with those of vulcaniciiy it is obvious that die two classes of pheno* 
mena'are intimately related to one another^ 

But as earthquakes are not strictly confined to volcanic areas, there - 
must be some other determining cause, and it has been suggested that 
they arise from sudden slipping of parts of the earth’s crust along fault* 
lines. If this is so, then vulcanicity and seismic activity^ can probaUy' be 
attributed to a common cause — earth movement It is <mly in a few cases, 
however, that the faulting which may be supposed to have originated the 
shock has produced any visible effect at the surface; in others, apart from 
the damage from the actual vibration, the condition of the surface remained 
unchanged. 

Some comparatively recent earthquake, however, have given rise to 
gaping fissures of great length, and' faulting has occurred in consequence; 
but the amount of displacement we a matter t>f a few indie as a rule 
Warping or buckling of certain r^ons has accompanied severe earth- 
quake, whereby the course of sti^ms vrere changed, and lake were 
formed in the hollows. Very detructive effects are often due to landslips 
caused by shocks, while along coast-line die tremendous wave which 
follow a great earthquake have pccasionally uforked considerable havoc. 

Study of Earthquakes.-— Recent studie of earthquake have 
thrown consideable light on the internal constitution of the earth. By 
means of deliete insdtunents shocks can now be rq^fetered at a distane 
of thousands of mile from the source; In general, thre disturbance reach 
the recording statkm; the last to arrive tiavds dong the crust, the other ; 
two through the earth rpui^ hi the direction of the chord joining two 
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points. The former gives no information regarding the interior, so may be 
i^lected for the present purpose. Of the remaining disturbances the one 
chat arrives first is supposed to be transmitted by the alternate condensa> 
tion and expansion of the parts of the medium which transmits them, the 
other by a twisting or distorsion of those parts. If this view is correct, 
then the medium must be solid, or at least must behave as a solid, since 
a fluid cannot transmit twisting stresses. Now, these two kinds o{ waves^ 
8$ may be calM, b»v«l with diffierent vdodties, and hmice give some 

whicfa they pass. Tim 

iUlmbee ^ iHtii dm greatest depth of the diord 

66m the sorflifid^ lu^ « <&tmioe is reached udmre dm depth of the du»d is 
Bboat duee-fiitts of dm radius. A somewhat abrupt diange dmn takes 
{dao^ especially in the second waves, indicating diat the matter composing 
the inner two-fiidis of dm radios of the globe has difierent elastic properties 
from the rest of the material It is not known as yet to what this difler> 
ence is due; but when a greater number and more accurate observations 
of distant shocks have been compared, it is probable that much new 
information will be obtained r^parding the nature of the interior of the 
earth. A comparison of the velocities of propagation of the first and 
second waves, which travel through the earth, with that of the third wave, 
which travels near the surface indicates that the thickness of the crust is 
probably not more than about 20 miles. 


CHAPTER IV 

CYCLE OF DENUDATION 

We have now traced the processes of denudation of the land areas and 
of the deposition of the derived materials on some part of the ocean floor, 
and we have seen how after a lapse of time of greater or less duration these 
may be once nuxe uplifted to form land, which in its turn becomes worn 
away. Geology shows that changes of this kind have succeeded one 
another many times during that period of the past history of the earth 
of which the record is preserved in the rocks. It remains to consider more 
closely the series (ri* events which succeed one another (in a temperate 
r^on) between the birth of a new {and area as dm result of earth move- 
mrnits and its final destriiction by denudation or, in other words, a com- 
plete CYCLE OF DENUDATION. 
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Symmetrical Uplift. — A clearer idea of the sequence of events will 
be gained by considering a simple example which embodies the principles 
underlying more complicated cases. Let us imagine a portion of tiie 
sea floor, on which a considerable thickness of sediment has accumulated, 
to be uplifted above the sea level in the form of a simple arch or anticlinal 
fold of symmetrical type; the two shore lines will then be parallel to the 
crhst of the arcL From tiie nature of ^ iqrmmetiy tiie chai^ on one 
will be like those the otiier^ and 

._1ahd;atea 

sh^- . 

aiid.iatHe$ 

A part of the -lainfaH 
into the ground, and after n 
time accumulates sufficiently 
to saturate the rocks witii 
water; the excess tends to 
break out on the slopes in the 
form of springs, and thence 
takes the shortest course 
down to the shore. For the 
sake of maintaining the sym- 
metry, we suppose the springs 
to be of equal volume and to 
be distributed at tlie corners 
of equilateral triangles, as 
shown in the diagram (fig. 20). When once started, the ^ngs tend to 
maintain their positions and a more or less constant flow, and the channds 
carved out by them at their initiation become the main stems cf tiie drain- 
age system which ultimatdy develops on the slopes. 

Behaviour of a Single Stream! — In dealing with the influence of 
running water in modelling the surface of - the land, it will be convenient to 
consider in the first place the b^viour of a single stream, and to pass on 
from that to the assembime of streams which constitutes tiie drainage sy^ 
tern. We have supposed a streaun to be started on a sloping surface and . 
to flow down to the sea along the shmrtot course. Under these crniditions 
the volume of the stream remadns unchamged along its whole length, but 
tiie velocity increases with the diittauice fiom its source in the same way as 
that of a body rolling down an inclined .plauie. As we have already seen, 
the power of a stream depends cm its velocity, whm everything else remains 
the same; therefore the chaimd will be deepened by corrasimi more rapidly 
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in the lower part of the slope, say at B, than at A, where the stream is 
practically at test (fig. 21). But as the material thus removed from tht 
channel must be carried away, more and more of the power of the streair 
is required for this purpose as the amount of the material increases j there- 
fore at some point, such as C, most of the power is used up in trans- 
portation, and the cutting-down action or corrasion is reduced, thougl; 
not necessarily stopped altogether. At a still lower point, D, the whole 

power of the stream may be used 
up in transportation, and no cut- 
ting down can then take place 
Hence at some point down the 
slope the corrasion is more active 
tium ^sewhere, so that after a 
certain time the. profile of the 
was or^;ina^y a 
line or a curve convex 
iptvaitis, has become a concave curve;‘ The stream channd retains a 
[Mo^te qf this nature tiuxiughout its life histoiy; it is steepest near the 
murce, ^d flatttens towards tiie mouth. It is a- characteristic feature oi 
denudation by running water. 

Whm the stream reaches the sea the velocity is checked and the 
rearser sediment is drqiped near the mouth, while the finer is carried 
ferther out to the sea. The deposition at the mouth checks the velocity 
higher up the channel, thus n^ucing the power of the stream in that 

direction. This in turn 
stops corrasion, and 
more and more sedi- 
ment is dropped in the 
lower part of the valley. 
The stream may there- 
fere be divided into three parts: (i) near its source, where corrasion is 
sm^l on account of the small velocity; (2) median portion, where it is 
rajnd; and (3) a lower portion, near tiie mouth where, on account of the 
retardation of the velocity, corrasion is absent and evm deposition may 
take place. 

So far tlm influence of weathering has been nq^lected, and the stream 
has been supposed to cut a groove with vertical walls in the hillside. 
Such vertical trails cannot remain loi^ under ordinary conditions of 
weathoii^. Ifiaterial ii loosened and dislodged, and, falling into the 
stream, is removed by the water, so that in time the tides of the dhannd 


Fig. 9ti.— The Developnent pf a V-ihaped Val|qniiider At 
kiaok of Wcadnriflg 
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recede, as shown by successive dotted lines in the diagiam (fig. 22), and 
the original channel widens into a V'Shaped vall^. When this h^>pens 
the original stream can no longer exist alone; miniature streams and 
runnels start with every shower of rain, while new springs arise on the 
lateral slopes. These give rise to vall^s by a repetition of the processes 
sketched above; they may be -termed secondaiy vall^s to distinguish 
them from the main or primary valley. i 

In time these secondary streams come to | | 

have tributaries of their own, which flow ■ 1 \ f K \ / } 

in tertisny valleys, and so on, the process V 

being repeated until the ground is carved ^ 

into innumerable branching channels 
carrying streams of all sizes, from that of I ( | | 

tte* main^ stresam down -to; 

•'is ultimaidy cat into- 

sloping towards the sprii^,' whidh occupies' ' '' 
the bottom of the fiumeL It is known as n 
at the head of most vall^ 

Drainage System.— Let us pass on next to oonmder the assemblage 
of streams, flowii^ side by dde down the slopes, idiich forms the dramage 
system of the new land area. Each stream has carved out its chiuind 
to a concave profile, and eadr has givqt rise to secondary and tertiary 
tributaries, while the cirques at the head of each prima^ vall^. have cnt 
back towards the line separating the draini^ of fhe.’prinimy sfermUM 
on opposite sides of the slopes. 

This line is called the PRIMARY ^ 

or MAIN DIVIDE. As all the rsg. ■«.•— PiaSh«r«lhtBMS(faiin7]Ni^ vv 

streams on the slope have the ' 

same volume, the divides are situated midway. between diem; but 
maturer or folly developed system they are not, as a rul^ strai|[^t Hues, tiSii 
the following explanation will show. A point A (%. 23) on the line join- 
ing the heads of opposite streams is the point where thdr cirques ultimatdy 
meet; it is therefore under the denuding influ^ce of both streams, and fr 
reduced in hdght at a greater rate than a point B, which is at the farthest 
distance from the streama The divide between two primary streams- 
dierefiwe runs at i^^t angles to the line joining thdr sources, and, more^t^^ 
over, is a curve concave upwards; hen<» foe whole primary divide fbUoys: 
a zigzag course, and if viewed in profile has foe appearance in ^..; 34 . . 


rsg. ■«.--PNm «r« iimbm rifaiinv i>Mit 
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The points such as A are called COLS or PASSES, while the points B ait 
PEAKS or CUSPS. 

The rate of corrasion by the secondary streams depends on the fal. 
from source to mouth; therefore where the main valley is most activelj 
excavated the fall of the secondary streams is greatest, and their channel: 
are deepened most rapidly. The secondaiy divides are also zigzag lines 
and are developed in a similar manner to the main divide. But inasmucl 
as the lowering of the divide proceeds most quickly opposite the most 
active streams, it follows that the profile of the secondary divide is closel> 
related to that of the main vall^s on either side, and indeed if a line 
is drawn through all the secondary cusps, or all the secondary cols, the 
profile thus obtained exactly resembles the characteristic curve of the 
primaiy valleys. In general it may be said that the result of denudatior 



^ iiihning waiter is to carve the sur&ce of die land into valleys and 
lills, all of which show the concave profile indicated above, which may 
le called the denudation curve of running water, and as this 
^pent is the most active and most widely distributed, it follows that this 
s t^ outline most frequently met with. Most of the great mountain 
diains exhibit a profusion of these ^qdcal curves, and, indeed, largely 
iwe to them their grace and beauty. 

, Influence of Fouied StkATA.— We have already seen that the most 
Itenoal result of earth movement is to throw the ^ta into a succession 
>f crests or ridges, which ’ are convex in outline, separated tty troughs or 
rolleys. In the subsequent denudation of such a r^on each ridge gives 
rise to two sets of streams flowing down oppodte slopes into the bound* 
hg valleys. The crest of each ridge becomes the main divide, and the 
wo^ary divides are arranged nearly at rig^t angles to it. All the 
livides at first ate stra^l^ but, as described above, thty ultimately 
become zigsag. As denudation progresses, the convex rid^ resulting 
^DiR eai^ movement are r^laced fay -tire characteristic concave curves 
KMfnewhat as shown in the diagram (fig. 25). There is thus an essential 
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difference between the surface outline produced by those agencies acting 
from within the earth (which are comprised in the term earth movement) 
and those acting from without (denudation). Where the former pre- 
dominate convex outlines are the rule, but where the latter predominate 
they become the exception, beit^ replaced by concave curves. This 
difference will be referred to again, when the features of the land surfaces 
are compared with those of the sea floor. 

Peneplains. — If the conditions remain uniform throughout the period 
of denudation the positions qf the streams and divides. remain unchanged, 
but their heights are gradually reduced, as shown by the successive broken 
lines in the dis^^ram (flg. 25). The final sti^e, shown by the firm line, 
approximates to a plain, which has been termed 1 ^ American geologists 
a PENEPLAIN (almost a plain). The divides and valleys are but faintly 
marked, and the streams, having done their work, can reduce the land area' 
no lower by ordinary denudation. The form of the original surface can, 
however, be inferred not only from the positions of the divides and valleys, 
but from the inclination of the strata; and, in fact, by studying carefully 
the disposition of the rocks it is often possible ideally to restore the form 


of the uplifted land surftwe before the agmto of denuthitticHi. bc^^ 
destructioiL _ - , 'y-/-- 

Complex' 

conditions are not always as a£mlfle as in.w 
the main streams are not of eqwi^ volume, and arehol l|{ii%i'.9ib; 
arrai^ed. The ftflds into vdiudi the stra^ are thrown m not b a riile. 




^rmmetrical, and, in fac^ un^munetrical ft>Ids are of noore common 
fence. Again, the rocks which the -streams encountM’ in difiereift 
of their course are not of equal hardness; more usually tilQr ^^uraags^ 
in alternating hard and soft layers. Some rock^ stsdi as l^estonei are; 
soluble in' water to a considoable extdl^ and these may alternate. ufit|i - 
others which are insoluble. Any one of these causes leads to modificatioiu 


in the result explained above. 

Struggle for Existence between STREAM&-*r>ltie ieort co^^ 
case of departure from simplicity is where one of several' streanis (A l|| 
fig. 26) flowing down a slope is more powerful than ne^|^bdKllM 
from possessing a greater volume A strugg^ fbr existence tbeh'aielv.j.f|^' 
where the victory goes to the strongest at the expense of its weaker oo^. 
petitors. As tiie rate of down-cutting depraiis oft ibs volume; otiitf 
bdng equal, the strmiger stream is aUe to outpace its ne^hbounk 
gives a greater fall to ito tributaries, and tii^ octend tiieir vaittitq^. U]^ 
duly towards those of tito less-powerful stream (B). The divides are 
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fore shifted in that direction, and the stream which already possessed th 
treater volume receives more than its forpier share of the rain which fall 
m the area, and is therefore further strengthened. Its tributaries becom( 
still more active, and the shifting of the divide .goes on a further step 
/V time comes whm one of the powerful secondary streams (d) taps th( 
aributaiy (E) of the sister stream (B), and ulti^iately the main strean 

down its own vdley. * jThis jnraqr may exten< 

<^y servos ih 
impoverished ne^h 
In^'mav lose all their hkdbe 


Line 

Fig. a6.~TheCaptitK and Beheading of StKamtCUtrean^^ The dotted Knet at x and v ehow 

the origuial ooune of the etraams a and c 

tributaries by diversion into the adjoining \^lley, when they are said to be 
BEHEADED, as B at X and c at Y. 

Similar results may be produced if the position of the divide was 
originally unsymmetrical from the drainage having originated on an 
unsymmetrical fold. Another frequent cause of diversion of a drainage 
s}rstem is the unequal hardness of the rocks in different parts of the 
course of the stream. Let us suppose a number of prarallel streams to 
be flowing down a slope across alternate belts of hard and soft rock. 
In the soft beds the tributaries push back their headwaters more 
rapidly than in the hard, so that the streams along these belts are in 
a position to interfere with one another, and if ofae possessed originally a 
slight advantage in strength it succeeds in robbing its neighboure, and 
ultimately beheading or diverting the main stream. At a later stage 
other streams may be captured, so that finally sevend of those which 
originally flowed side by side, across the strate may be forced to flow 
alor^; one of those b^ts of soft rock. * 

Evolution of the ItiVEE Si^tem East of the Pennine 


diverting the 

«i 
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Range. — An instructive example is afforded by the rivers which drain 
the eastern slope^ of the Pennine chain of the north of England Or^> 
nally a number of parallel streams started in an easterly direction across 
the outcrops of the Mesozoic group of strata (see p. 128). Two of the 
members of this group, the Trias and the lower part of the Lias, consist 



Fig; •y,"43fc«tch ^ , 

of soft clay, marls, and incoherent' sandstones, which are bounded mi each 
side by harder rocks-— on the west die Permian isandstmies and lime- 
stones, and on die east the hard strata of die uf^ter part of the Lias 
and Oolites (see 2/). Ope of the presmit stiwms, the Air^ finds its 
direct continuation fii the Humber, and we may rq[ard the Aire-Humber 
as one of the or^iial streamy The Ouse, which runs from north to 
south, is a tributary of the Humber. It lies mi the belt of soft Triasi^ 

rocks, and has exten^^ its headwaters far to' the north. In so d<ting 
Vo^I. .IS 
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it has intercepted several of the other easterly-flowing streams, of which 
the Swal^ the Ure, the Nidd, and the Wharfe represent the upper rem- 
imnts. Another tributary of the Humber on the south is the Trent, which 
has' extended its headunters :in jm ex^r^naiy manner, tap^ 

ydudi piust 

directiinV' 

and, the 

/\yarwiek3hire Avtk 

'Eirptunoit Qf Thames Smsu-^It has bem maintained 
tbtft the modeih Thames is only the beheaded remnant of a much longer 
river which flowed from the west Its ori^al headwaters are perhaps 
nqnresented fay those of the Severn. The diversion in this case is supposed 
to have been effected by the lower Severn and its direct continuation 
the Warwickshire Avon working backwards along the soft beds of Trias 
and Lias until the old Thames vall^ was reached. 

Consequent Drainage Systems.— In all the examples hitherto 
considered the drainage has been supposed to originate on a slope which 
was itself the direct result of earth movement, and are styled by American 
geologists consequent drainage systems, they are directly consequent 
on an uplift of the strata and bear an intimate relation to it The troughs 
or synclinals are occupied watercourses, and the crests or anticlinals 
are the primary divides. 

Rivers of the Weald.— One of the most striking English examples 
is the drainage of the Weald, which was started on an arch of Lower 
Tertiary strata elevated during the period of the Alpine earth move- 
ments. The crest of the arch ran from east to west, and the streams 
on the northern slope flowed into the trough forming the London Basin, 
where is now the Thames. The southern streams probably drained into 
a parallel trough forming the eastward continuation of the Hampshire 
Basin,* but this part is now submerged under the channel (fig. 28). 

Antecedent Drainage Systems.— Another type of drainage system 
is said to be ANTECEDENT, the streams were in existence before the 
earth movement, and maintained their courses open throughout it It 
is, considered that the Indus and Brahmaputra, which cross the Himalayas 
at opposite ends, were in existence brfore the banning of much of the 
Himalayan uplift, and that they succeeded in keeping their channels 
open during tile elevation of the chain. When one considers how slow 
is the cutting-down acticxi of a stream, whatevw its size, one will gain 
some idea of the enormous length of time involved in the elevation of 
a great mountain range like tiie Himalayas. 
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Cycle of DENUDATION.—When a traqt of land which has been 
elevated by earth movements has been reduced to the state of a pene- 
plain, it is said to have ^ne throi^ a cycle of denudation: A . 
poieplain .cannipi^ honni^j be wdn^ dp^ to 
means, iso 

1^ of 

solution, but k is 

I 

immovable for a suffident 




Fig. 98.^Sketc1i Map of the Dnbage Spitem of die Soedi-oMt of Snghuid 


course to the end. As a rule, in the past history of the earth renewed 
movement occurred before it was completed, and the approximately 
planed surface was either uplifted or depressed. These two possibilities 
may be considered in turn. 

Uplifted Peneplain. — If the whole tract is raised the streams 
which were flowing sluggishly down to tte sea are given new power on 
account of the increased fall between source and moudr, and they at 
once b^n to cut down or corrade their channels. This action b^[ins 
at the mouth, and gradually spreads inland, so that after a time deep 
valleys border the ^ margin, whereas forther inland the old shallow 
valleys remain unchanged. If die uplift mkes place without tilting the' 
tract the streams retain thdr positions and all their windings, and 
merely entrench theihselves along their former channds. In this way 
are often produced intricately windirig gorges sunk deep in an elevated 
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" Sipr^MEROm ^KEPLAIN— UNCONF6RHiTiBS.~lf die' plain is dqpresiwi 
bdo^^^rtevd it becomes covered by a fitssb iait of deposits arrat^ 
in boiizontal sheets. As . we have already sm/the rocks forming tilt 
plain had been tilted to i^ous angles before the denudation began, s( 
‘that the new deposits rest on the inclined and planed-off edges of th< 
older set, producing tiie appearance knoum in Geology as an UNCON 
FORMITY (ab, fig. 29); it shows that the area where it is observed hai 
passed through the following succession of events: (i) Deposition of th( 

older set of strata; (2) uplift o 
the area, accompanied by folding 
of the rocks; (3) denudation o; 
the uplifted strata to a plant 
surface; (4) depression of the 
denuded surface below the sea; and (5) deposition of the newer or over- 
lying set of rocks. It is obvious that a second uplift of the area, followec 
by denudation, must take place before the unconformity can be brought 
under observation. 



Fig. 9^— An Unoonformiiy 


Superposed Drainage Systems.-— I f after a period of quiet sedi- 
mentation the sea floor suffers another elevation above the level of the 
sea, a drainage system is started on the surface of the newer deposit! 
which bears a direct relation to that uplift. Denudation then begins tc 
remove the newer beds, and in time the streams cut down to the under- 
lying oidpr rocks at certain places. ,-If the elevation has been of sufHcienI 
amount .they do not stop there, but continue to deepen their channels 
in the latter strata. At a much later sU^ the whole of the newer covet 
may be denuded away, and the stream channels are then carved entirely 
in the older recks. As the drmnage Prigihiated on a cover of rocks which 
was folded in a certain way, it was quite independent of the direction and 
amount of folding in the strata underlying the cover, and, without knowing 
the circumstances under which tiie drainage was ori^nated, one might well 
be puzzlpd at the absotce of any relation between the streams and the 
structures in the rocks over whidi th^ flow. It is claimed that the drain- 
age ^stem of the English Lake District oflbs an example of this (fig. 30). 
The drainage probably started on a dome of carbrniiforoqs or newer rocks. 
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Fig. aa— Sketdi Map of the Draioage of the English Lake District (after Marr) 


CHAPTER V 

EARTH HISTORY— ORIGIN OF THE GLOBE 

a 

Explanation of Past by Present. — ^The reader has now bet 
made acquainted with the more important forces which are capable 
modifying the external features of our globe, and with the results whit 
follow from their operation. In Modem Geolt^ the assumption is mat 
that these forces and their results were — ^in the main — of die same kind 
in past times as those which are in operation at the present day — an 
hypothesis which is warranted by many lii^ of evidence, some of whidi 
will appear at a later stage. It does not follow, however, that those 
forces were not more intense in their action, or, in other words, achieved 
the same results in a shorter time. 

Catastrophist Views. — In the early da)rs of Geol<^ it was the 
prevalent notion that, the earth had been affected at intervals in its career 
"by violent convulsions, cataclysms, or catastrbf^es, which altered suddenty 
the whole aspect of its surftice; the old order of things was destro}^ and 
a new' order set up, udiich prevailed until it was upset in its turn by a 
renewed catadysm. With the increase of knowledge and the emancipation 
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of thought, following on the introduction of more scientific methods of 
investigation, it was gradually recc^ised that these views were not 


sufqiorted. by evidence, and, moreover, were unnecessary, for it was shown 
diat the observed fi^ could be explained in a rational manno’ without 

Vi'^l^pbitiilTAlUAN old catastrophic 

and the 

|i^pi#''''taai^K$^-'^rHa1lbn'''^^'''^ were gehCridl^ 

Mooted and foDcmed. In his Thmy if tlif Huttm docribes 
dii(i.;fQrfnati(Mi of hiUs and vall^ by tiie wdiruuy mechanical agi^des; 


he saw the resemblance of the rocks of the earth’s crust to deposits 
vdiich are forming at the present day, and argued that had been 
formed in the same way, and had attained their actual position ty sub- 
sequent uplift. He then enunciates the view that the forces of past 
times have been the same as thoM of the present, and have acted with 
the same intensity. He further remarks: “In the economy of the world 
I can find no traces of a banning, no prospect of an end”, for he 
imagined the old rocks to have been derived frotn pre-existing rocks, 
themselves perhaps the ruins of still earlier rocks, and that the same 
process might be repeated indefinitely throughout the future ages. 

Evolutionary Views.— Within the last few decades the principles 
of evolution have pervaded Geology in common with other departments 
of science, so that there is now a tendency to abandon the strict uniformi- 
tarianism of Hutton, and to jtake up an evolutionary standpoint. On 
this view the forces of change have not necessarily been of invariable 
intensity from the b^inning of the earth’s history, neither have they 
attained the excessive violence implied in the catastrophic notions; they 
are assumed to have vari^ in intensity following the variations in the 
internal heat of the earth and the radiation from the sun, from which 
th^‘ derive their energy. It is probable that these have diminished 
gradually in the past; if so, .then the forces of nature were at one time 
more vigorous than th^ are at the present day. 

Stages in Earth History.— The earth, is thus assumed to have 
attained its present form and features, like a living organism, by a slow 
process of growth and development, and each stage in its history was 
necessarily dependent on those that went before, and left its mark on 
those that ca,me after. From this it follows that the conditions which 
obtained during any period are not liMy to have existed before nor to 
recur exactly at any later time. . 


Coal Period. — ^A n illustration of this may be found in the circum- 
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stances under which the world’s great coal-supplies were laid down. The 
coal period was marked fay a peculiar combination of conditions which 
prevailed over enormous areas of the earth’s surface. Those options 
followed a {volonged interval of comparative quiescence, duri^ whidi the 
denuding agmts reduced large tracts to the at^ of an. Bf^xiipt!^ lito^ 
suriace^ctr penei^aio, ' iSi^ of ,, 



to tebur 


tiuaougfaout a 
‘a luxuHant gfoWto 'bf 

complete decay. Tto eMibhiation of.condlttons 
history; it had never occurred before and has never obtained ^iito,'e9C0ept 
over limited areas and for a limited period; neiito is it 
in the future. Thus we see how intimatdy the ecmunetdal' 
of many countries at the present day is cminectod 
prevailed countless ages ago. 

Story of the Earth.— It will be the aim 
to trace the varied dianges whidt our globe passed. 
attmned to its present aspect The story of toe eaito tooei wift^AiwIy 
based on the study of the rocks which form its surfime. We have alresc 
seen how those rocks were formed, and how toey have twea broigfat 1 
occupy their present positions as the result of movements in toe crust < 
the earth. We haye also seen how the relative order of immatibn 0 
different rocks can be determined by their ruder of superposition, anc 
by the remains of organisms which th^r enclose; 



Geological Record— Chronology of. the Rocks.— With toe 
aid of these principles it has beeiv found possible to arratge the various 
rocks which go to make up toe earth’s surface in the relative order of their 
formation, or, in other words, in order of age. I^ocks of the same age have 
been classified into groups and given some distinguishing name based 
either on their lithological characters, their organic remains, or the locality 
where they are well displa)red These groups have been cdlected into 
larger groups for convenience. The arrangmnent adopted and the names 
given necessarily vary somewhat in differoit countries; but a general 
similarity of grouping underlies them all The one usually adopted for 
British rocks, whid), as a fact, indude equivalents of nearly all the rocks 
forming the earth’s surhwe, is subjoiried (taken fiom J. E. Marias Princ^^ 
of StratigTi^kual Geoiogy), 
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CAiHoatbic ot . 
TBRnARY. 


:it«QeR^ '- 
il’InntoceQe. 
IPIiocihe. 
Miocene. 


lOligOoene.'. 

^Eocene. 


Mbsozoiq or 
Sbcondary. 


('Cretaceous. 
. •{ Jurassic. 

* (.Trtassic. 


Palaozoic. 


'Permian. 

Permo-Carboniferous (of certain extra-IMtish areas). 
Carboniferous. 

.• Devonian. 

Silurian. 

Ordovician. 

jCambrian. 


Prbcambrian. 


Wide Application of Terms. — ^The s3rsteins may be divided into 
series, and the series into sta^^es, which may be further subdivided to any 
extent according to local peculiarities. It is noteworthy, however, that the 
names which are given to the various groups in the above table of British 
rocks have a very general application, and, in fact, they can be, and have 
been, applied in a broad sense all over the world. This is significant, as 
showing the widespread nature of the changes which have affected the 
earth’s surface in the past For example, the system names Cambrian, 
Ordovician, Silurian are found to be applicable witboyt difficulty to the 
older rocks of North Americs^ and it has been frequently found that 
similar organic remains or fossiis occur in Britain and North America, and 
succeed each other in the same order in these two widely separated areas. 
The identification of strata in two districts isolated by the sea or by other 
rocks is largely based on the fossils th^ contain, as the actual order of 
superposition cannot in those cases be observed. 

Geological Maps. — In most r^^ns the distribution of the rocks of 
various ages and lithological characters have been laid down on maps; the 
boundaries between the different kinds are shown by lines, and the areas 
occupied by them are indicated by colours, or by a suitable system of 
shading or other conventional design. Such a map, on which the various 
rock types found in a r^on are separated off and indicated in a suit- 
able way, is known as a GEOLOGICAL MAP (see coloured map of the 
rocks of^the British Isles). 

Before pacing on to the earth history proper, it may . be useful to 
indicate biidfly the nu^n lines of the story. 
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timft eiiabW this tft" 

crust was fortned, su ^ , , 

consofidation were probbli^ inw^. 1^ 

when the crust was re{)eatedly hvi^Mh upilud « vi ^ 

Initiation of Denudation and DEK)saTxb«’.<^Wlim tiie coip|| 
had proceeded far enough for water to exist as such, <feaudation ilitt 
attendanf deposition was initiated. The water collected In boUowa pC*!^ 
primitive surface, and in these hollows the first sedimoits were laid 
It is not likely that recognizable traces of those eaHiest sp^lini^ta^i^ 
persisted to the present day. There is probably a great gap in oat 
ledge of the beginning of sedimentation, and tbe sucoessiPn df 
which preceded the formation of the oldest deposits- which have behn^j^it# 
served to us is matter of inference and speculation rathtf than' of ahtiial 
knowledge. •;; ; , 

Earliest Traces of Life. — In the banning of the Cambrian ptiSiod 
we are furnished with evidence of life in the sea waters. The l^||[biy 
oiganized nature, relatively speaking, of the first undoubted (xrgaiwkns 
hitherto discovered leaves no room for doubt that they weto the (tesipen- 
dants of a long train of ancestors which lived in earlier seas, but of which 
few, if any, traces have been found so far. ' ' 

Alternating Periods of Quiescence.and Disturbance. — 
the b^inning of the Cambrian period the reco^ of toe rocks bepome 
clearer, and can be read with some, certainty. We know frcan their sn^y 
that from that time onwards the surface of the earth has passed tordujgh 
long stages of comparative quiescence, {interrupted by periods of 
disturbance of toe crust, whidi usually affected wide areas and produced 
radical changes, especially in the distribution of land and sea and cliipjt^ 
conditions. The Lower Patsebzoic, viewed broadly> was a quiesc^t ppi^ 
marked by gradual- subsidence of land areas at the b^innihg, and gradual 


emergence towards toe end* culminating in continental conditirms d^i^: 
Devonian times. - Minor disturbances and irregularities on a small ’aeale 
were not unknown, but their efiects were comparatively uninupm^C 
Continental conditions were succeeded a quiescent {toase lasting thrhuidx 

the Carboniferous period. At its close an important uplift set in, with%ie 
v6i.t‘ 17. 


li^ dots on a- spiral 

ahd tlis;^: fibm the central cote the :$att was (h^!^ At a later sti^ 
the cent^ cMe and the dob beuMiie ntorc^ distinctly separated, and 
^thered into themselves the scattered particles which surrounded them. 
From this stt^ dates the sqiarate existence' of the planets of which the 
earth is erne. 

Later Stager — Let us now consider the later stages preceding the 
sedimentary record as stated in the new hypothesia At first the planetary 
mass of the earth, which was growing at the expense of the matter in the 
space surrounding it, did not possess an atmosphere, for its mass had not 
increased sufficiently to hold one by attraction. Were it not for the attrac- 
tion u^ich the present earth exerts by virtue of its mass on the gases in 
the atmosphere these would fly off into space, and leave an atmosphereless 
globe. As the young earth continued to grow it became capable of retain- 
ing an atmosphere, but one much more attenuated than the present. It is 
known that many molten bodies can hold large quantities of gaseous 
matter, which they give off on cooling, and the atmospheric gases are 
supposed to have been derived by occlusion (as this phenomenon is termed) 
from the cooling materials of the earth. In this respect, again, this hypo- 
th^is stands in marked contrast to the Laplacian view. 

Temperature in Young Stage.— Another important feature of the 
hypothesis is the assumption that in the young stage the temperature of 
the earth was not excessively high, probably not high enough to fuse most 
of the constituents. Increase of temperature resulted from contraction and 
compression as the bulk increased, from chemical activity within, and from 
the falling in of new material. As a result, melting of the constituents 
occurred at first irrq^larly through the mass, and then became more 
genefal. in the inner portions, while the outside was still a confused col- 
lection of particles which had been gathered up from space and had not 
been melted. 

^RST Volcanic Episodes.— W hen melting occurred within, tongues 
of molten material were pressed into the outside fragmental zone and some 
reached the surface, thus giving rise to the first volcanic episodes. The 
volcanic action became m(xe intense as the internal heat continued to 
increase by the above and other means, until the surface was made up 
chiefly of lava and fragmental materijal, \diile molten masses insinuated 
themselves here and these underneath tlie surface and later on consolidated. 
When the outside became sufficiently cod to , allow of the condensation of 



Inception of and Water 

offers what is perhaps Uie most reasonable account ^et 
initial stages in the separation of die surface into distinct knd ai^ suMME 
areas. At first the water collected into hollows distributed Irtugiilarilr 
over the much-broken surface, but it is supposed that from variottt aotd- 
dental causes these hollows were relatively more numerous in some places 
than others, so that, taking broad tracts into consideration, some wotdd 
have more water areas as compared with land than neighbouring ones. 

It is known from the behaviour of the ordinary ^ents of weathming 
that the heavier materials are removed in solution more rapidly than the 
lighter ones. As soon, therefore, as weathering b^^an to operate^ die 
removal of a greater proportion of the heavier constituents from the land 
to the water tracts left the former somewhat lighter and the latter heavier 
than before. It is supposed that this caused the aqueous tracts to sink 
with respect to the land, whereby more water flowed into them, thus 
increasing the weight and subsidence still more; By a repetition of these 
processes the smaller areas gradually united into laiger ones, until the 
surface was marked by continuous sheets of water of considerable size 
separated by tracts of land. The origin of oceanic basins is therefore 
assigned to a very early stage in the history of the earth, and it is con- 
sidered that from that time to the present the positions of the deeper parts 
of the modem oceans, especially the Pacific, have not altered materially* 
so that if a borehole could be put down under those parts there would be 
found in succession representatives of all the deposits formed since the 
beginning of sedimentation. From the time when the oceanic hasips 
were originated, and denudation began to operate, the subsequent history 
of the earth proceeded along more or less familiar lines down to the 
present day. 

Special Character of Early Stages— Life.-— The chief difler- 
ence between that early period and the presort lies in the fact that now- 
adays the products of volcanic activity bear but a small proportion to those 
of denudation, whereas then the reverse was the case. There is yet one 
important event to chronicle; at some stage or other there was a b^piming 
of life. It is not known how it ori^^nated, nor when and where it first 
appeared, for the earliest tracUs met with in the rocks show that it had 



34 


GEOLOGY 


hen attained to a considerable d^;ree of complexity. According to the 
;ener^ly accepted theory of evolution this implies that life had existed 
Dr a very long period of time before it could have developed to that stage. 

known of the ^lier^condition of life on the 


CHAPTER VI 

FIRST CONTINENTAL (ARCHAEAN) PERIOD. 
FIRST MARINE (OLDER PALAEOZOIC) PERIOD 

THE PRECAMBRIAN OR ARCHffiAN PERIOD 

Distribution and Character of the Rocks. — The oldest rocks 
met with in the surface of the Earth are assigned to this period. They 
have a wide distribution in every continent (see plate), and also underlie 
at no great depth the rocks of the sedimentary series, which only form 
a relatively thin skin above the old fundamental rocks. Their character- 
istics are sufficiently pronounced to mark them off as the products of a 
special period. For the most part they consist of what are known as 
CRYSTALLINE and FOLIATED rocks; most pf the former are made of 
mineral grains or crystals which have formed in the rock as it cooled 
from a molten state; the latter are of various origins, and their peculiar 
characters have been impressed upon them intense movements which 
have rolled them out, crushing the original minerals and causing new 
ones to develop in parallel bands — hence the origin of their striped, 
banded, or foliated appearance. In some crystalline and foliated rocks 
the minerals have been developed from pre-existing minerals under the 
action of intense heat {thermal metamorphisni). 

Conditions of Formation. — ^The conditions under which they were 
formed were also peculiar. Many of their characteristic minerals can only 
be produced under the action of great heat, and they must therefore have 
been formed either at a stage in the history of the earth when the tem- 
perature was high, or at a great depth underneath the surface. Many of 
the crystalline rocks can be proved to be intrusive masses, U. they were 
forced from below in a molten state into oyerlying strata, which were highly 
disturbed,, baked, and even melted in the process. It is probable that they 
never reached die surfoce, but cooled slowly at great depths. In several 
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cases they- are the remnants of deep reservoirs which supplied the material 
welling out at the surface in volcanoes. 

Many of the foliated and some of the ciystsdline rocks appear to 
have been at one time ordinaiy sediments, but so changed ate they from 
their erstwhile condition that their original state is often difficult to make 
out The minerals which they contained as sediments have been entirely 
destroyed and replaced by totally different minerals formed under the 
influence of high temperatures and intense pressures. It is known that 
such changes can occur in sediments, for they have taken place in later 
periods near latge masses of intruded rocks, such as the granites of 3.admin 
Moor, Dartmoor, and otber places in Dev<m and ^ 

These are 8urrouiided''l^'«-'riag ^ 
passa^ of wldcb 
. ’ Piecambtina 

h^h tempemtniles inteiiM 1^^’ 

they were twisted, crumpled, and shittdned tb ait 
(see fig. 32). The esdstence of such pressures in itsdf pi&ts tb 
been formed at great depths, and their presence at the surface must tihere^ 
fore be the result of considerable upheaval followed by long-oontiitCMid 
denudation. As these rocks had very much their presmt aspect he^^ 
the banning of the Cambrian period, one gains some idea of the .Icsi^ijtli 
of time during which the agents of denudation must have been at wo^ ; 
but of the resulting deposits only those formed under continental 
ditions towards the end of the period have been {ueserved to us. 

The Precambrian rocks are frequently spoken of as if they represented 
the rocks of the primitive surface of the earth. This is not probable, 
as has been said, many of them are intrusive masses, and therefom 
must have been intruded into something which was above them^ mtiijiatnier, 
it is difficult to believe that the violent contortions of the foliated rb<^ 
could have been induced except under the pressure of a great thickness 
of some cover. 

Archaean and Younger Rocks.— The Cambrian sedimwts rest 
directly on the crystalline rocks, and their lower strata contain pebbles 
derived from those rocks which show that they had been brought to much 
their present state, and moreover had been exposed by prolong^ d«iuda- 
tion of the overl}dng cover, before the sediments were forined. Certain 
sediments attributed . to the later stages of the Precambrian period have 
been referred to above; they rmemble in most respects those formed under 
contihental conditions. in later times; they are mixed with volcanic material 
and rest directly on aystalline rocks. It is claimed that, tn^ of organic 
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remains have been observed in them, bul as yet thqr are imperfectly 
understood. 

Distribution and EcDnomic Importance of ARCHiEAN.— The 
huge area occupied by die ^recambrian rocks is indicated on the aceom* 
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Teat earth movements, s^th attendant inbuhtidn*lniindii^ TOq'‘rtl>j^ow 
lenudation, in the period preceding tibe formation' oidie^ 
trata. That this movement was a widespread one is tiidwi^-by ^e.^inmt ' 
xtent of land composed of these rocks whidi eristed'at th$ be^iutii^.'of: ’ 
lambrian times. The Precambrian may therefore bei spbkcsn' 

'ontinental Period. At its height, when the earth movements 
beir greatest intensity, the surface of the earth must have beeti^it^l^- 
T^lar, but before Cambrian times, prolonged denudation had 
le irregularities and smoothed down the surface almost jto 'a |iiU|af It' 

I probable that many areas of Precambrian rocks have never been 
x^uently submetged; they have therefore’ suffered the denudation of itU 
jcceeding periods in addition. ' > ' 

Scenic Features of Archaan Region&— For these reasc^ the 
^ions occupied by the oldest rocks are characterized hot great alti- 
ides and rugged features but by-a modmte altitude and smodtii nndu* 
iting outlines, while mountain chains in the true sense of the word are 
bsent It is true that a country such as 'Norway, which is thade up 
[most entirely of these rocks,, may be described as a mountainous country, 
ut there are no true mountain chains. The mountains have arisen fiibm 


le carving out of, valleys in a fdateui of ^e old rbxdi^ which was t^ijled 
> its present height at a recent period., When Norwhy is viewdd'ftom 
le west it preedits an extremitiy rugged a^ssct, tiut when .. the hfoim' 
ins are ascended, and tiie faighesipiShtis rdr^fodj tiietqipeanmcedrai^p^ 
• that of an immdise pladn cariyjhg numerous dmllow laluss on i^>jRtt&e^ 
id furrowed here and thdte by deep ysllhys. All the rhountaifo' ti^'coioe 
) to a uniform levd and :there stop; if, therefore^ the valleys and hollows 
sre filled in, and the tnec^ thus resttsred to its conditirm before denudation 
id acted on ih ui almost levd plain of great eztoit and shaping geni^ to 
e east would he tbe:re^ 

The plateau lit hxhiltited to a more marked dq|ree by the 



'«f the geiietal principle ti»t the incKit niiESg^ oiitlfiihs are "found .i*| 
'legions composed, not of the oldest rocks, blot those which have been 
affected by earth movements in comparatively recent times, where 
denudation has not acted on them for a sufficient length of time to 


.wipe out the irr^^larities produced by those movements. 

It is probable that red and green sandstones, conglomerates, and shales, 
such as the Torridon of north-west Scotland, the Longmynd rocks of 
Shropshire, and similar rocks in Norway and North America, were laid 
down in inland basins towards the end of the first continental period, but 
as yet no marine deposits are known with certainty, so that the extent 
and positions of the land areas can only be approximately guessed at. 

First Marine (Older Palaeozoic) Period.— A gradual but wide- 
spread submergence brought the continental conditions to a close and 
ushered in the first marine period, which lasted, with a few minor 
interruptions, to the end of Silurian times. Stated broadly, the earliest 
Palaeozoic rocks were deposited during the initial shallow - water phase 
in a gradually deepening sea, while the later 'sediments show the effects 
of the progressive shallowing which culminated in the Second Continental 
Period at the close of the Silurian. 


Cambrian Period. — A s considerable interest attaches to the con- 


ditions under which the earliest undoubted marine sediments which have 


been preserved to us were laid down, an attempt will be made to indicate 
the probable state of the earth’s surface at the beginning of the Cambrian 
period, in so far as this is mad6 possible by a study of the character and 
distribution of the strata and of the oi^anic remains, or, in other words, 
to restore the geography of that remote period. Not only will this serve 
to illustrate the method by which the gec^raphies of the past are ideally 
reconstructed, but it will bring their comparison with modem conditions 
forcibly ^before the read^. 

The DISTRIBUTION of the Cambrian rocks Is almost world-wide, and 
the earliest sediments are everywhere ^racterized by peculiar organic 
remains which render it a matter of no great difficulty to identify these 
strata in different parts of the world, howey^ distant they may be. 
Cambrian rocks occur in force in various parts of northern and southern 
Europe and North Arnerica, and have also been observed in Argentina, 
India, China, Australia, and Tasmania. As the name of the system 
suggest th^r are exceptionally well developed in Wades, where they 
were first carefully studied and divided into various groups, to which 
loc^ names wm giym after the places where tfa^ are ^ically dis- 
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played. As similar rocks came gradually to %e id^fified 'in' Vsir^p^ 
parts of the world, the local Welsh flames were extended to them ahtOi 
and thus we hear expressions such as the Tremadoc rocks of the .State 
of New York, or of Aigentina, but recently, and more especially in 
America, there has been a tendency to displace the British names in 
favour of local terma 

Early Cambrian Sea. — The rocks on the whole are such as would 
be laid down in an open ocean, and the fossils support this view, so 
that where Cambrian strata are now visible it is safe to infer that those 
places were then under the sea But the extent of that sea was much 
greater than the area where these rocks now occur at the surface. In 
the first place, large tracts of sediments have been removed by denudation, 
while others have been covered over later deposits and hidden from 
view; and, lastly, parts of the floor of the early Cambrian sea may have 
remained under water from that time to this, in which case the deposits 
have been covered over by those of all subsequent periods. The relation 
between the present occurrences of these rocks and their probable distri- 
bution in the past is well shown in the map of North America (fig. 33). 

The limits of the early Cambrian sea must therefore be discovered 
from other data than the present distribution of the sediments, and to 
this end the character of these must be studied. We have already seen 
that near the shore and the mouths of rivers at the present day coarse 
sand and gravel are laid down; while farther out to sea are the finer 
sands, clays, and muds, or, if conditions are favourable, calcareous deposits 
may be formed. The kind of rocks, afid their relative fineness, affcxd, 
therefore, a clue to the distance from the shore line at which they were 
laid down. 

If we apply this to the Cambrian rocks of northern Europe and 
North America, we find there is a remarkable agreement between the 
two sides of the Atlantic The Welsh deposits are probably about 
12,000 ft. thick, and consist largely of sandstones and conglomerates 
(once sands and shingles), which indicate proximity to a shore line, and 
it is indeed probable that this lay not far off the coast of Wales. Alpng 
the Welsh borders the sediments are finer-grain^ add of j^ailltir thickness 
(about 3000 ft.), which suggests an increasing'distance from the ^ore.' 

This suggestion is borne out by the rocks in the north-west Highlands 
of Scotland, which are still thinner, and contain much calcareous matter; 
while if we pass to Scandinavia, the i 2 fioo ft. of sediments in Wales 
are represented by mctremdiy fine blade diales and limestones of a total 

thickness not exceeding 400 ft — an attenuation which becomes still 

> > ‘ 
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Fig. 33.-'Map of North America, ahowiog the Outerope in black of Early and Middle Cambrian Formations. 
The areas shaded bylines represent regions where the formations are believed to exist, though not exposed; broken 
lines indicate uncertain areas. The unshaded areas north of Mexico are believed to have been land during the 
early portion of the Cambrian period ; the unshaded area south of the United States represenu lack of knowledge. 
The light shading about the borders of the land indicates the continental platform of the modem continent. 


more marked on passing east into Russian territory. This thinning 
towards the east, and the incoming of fine sediments and limestones in 
that direction, accords well with the view that the shore line lay to the 
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west. A similar easterly thinning may be observed in comparing the 
Cambrian rocks of Bohemia with the corresponding strata as developed 
in Brittany. 

On the west side of the Atlantic the conditions were reversed, for 
it is found that in parts of eastern North America the sediments are 
coarse and of great thickness, while farther Inland they are much 
attenuated, and consist of fine shales and limestones, from which it may 
be inferred that on that side of the Atlantic the shore line of the 
Cambrian sea lay somewhere not far off the present coast 

Early Cambrian Land. — It follows that the North Atlantic w^ts 
at that time occupied wholly or in part by a land area, from which 
the European sediments on the east and the North American on the 
west were derived (see plate). This early continent has been spoken of 


Eastern Site of Modem 

North America Atlantic Ocean Europe 



Fig. 34.— Diagram illustrating the relations of the Cambrian Rocks of North America to those of Europe. 


sometimes as Atlantis (fig. 34). The central parts of North America, 
however, are believed to have formed a land area of great extent, to 
the south of which the sea margin extended continuously from the 
east coast to the Rocky Mountain region of the west This may be 
compared with the eastern Russian region, which was also a land area 
at the time, while the western and southern regions were under the sea; 
the central r^ion of China was probably another extensive land area. 

Younger Cambrian. — Passing now to a consideration of the higher 
Cambrian strata, it is found, in the first place, that they are finer grained 
than the lower, .and contain more calcareous rocks; in the second place 
they have, on the whole, a wider distribution ; they often occur, especially 
in the south of the United States, resting on old rocks, where no lower 
Cambrian exists; this is known by geologists as an OVERLAP of the higher 
strata over the lower. Both the distribution and the nature of the sedi- 
ments point to a deepening of the sea during the period, and to the exten- 
sion of the shore lines as more and more of the land became submerged. 

Cambrian Climate-Evidence of Conditions.— The similarity 
of the sediments as a whole to thc»e formed in subsequent periods, even 
unto the present day, shows almost conclusively that the conditions under 
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which they were deposited were, in the main, of the same nature as those 
which have prevailed since; but as there are no means of ascertaining the 
rate at which they were formed, one cannot infer whether denudation 
was more rapid then than now. One peculiarity of those sediments is 
the large proportion of felspars which the coarser kinds contain. In 
temperate climates, at the present day, this mineral is readily decomposed 
by the chemical action of water and carbon dioxide; but in arid regions, 
where such action may almost be neglected, they are not decomposed, 



35- —Scratched Stone from the Glacial Beds at 
the base of the Cambrian in China (Willis) 


and their grains become mixed in the 
sediments with those of quartz and 
other minerals. It is therefore possible 
that the climate on the continents bor- 
dering the early Cambrian ocean was 
somewhat arid. 

Another line of evidence bearing on 
the climate of the period is afforded by 
some deposits found in Norway, near 
the Varanger Fjord, on the Yang-tse 
River in China, and in South Aus- 
tralia. In all cases they probably 
lie at the very base of the Cambrian 
system; they contain large boulders, 
scratched and polished precisely like 
those which occur in the deposits left 


• by modern glaciers, and they rest on 
a smooth scratched surface, also resembling one over which glaciers have 
passed (fig. 35). It would appear from this that glacial conditions cer- 
tainly prevailed at these widely separated places at the very beginning 
of the Cambrian period. The mean temperature of the earth could not 
therefore have been widely different from that of the present day, and the 
arid conditions suggested by the preservation of the felspar grains in the 
rocks were probably due to local causes. 


It has been mentioned that the Cambrian rocks of west and north 


Europe strongly resemble those of the Atlantic border of North America; 
the resemblance is indeed closer than with those of southern and central 


Europe, which in turn are more allied to the corresponding deposits of 
the southern and western United States. It has been argued that this 
indicates a difference between the climates of the northern and the southern 
areas that, in fact, there were climatic belts in existence then as now.' 
This question is difficult to decide one way or another. The general 
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resemblance of the Cambrian fossils everywhere appears to point, on 
the other hand, to equable climatic conditions over the whole globe. 

The Cambrian period was one of little volcanic activity, at any rate in 
the submarine areas. Sheets of lava found between normal sediments 
prove occasional eruptions under the sea, but more frequently beds of ash 
may be observed which indicate that there were active volcanoes on the 
land ; some of the ash blown out from these was scattered over the surface 
and subsequently washed into the sea along with other detritus, while 
some of it fell into the sea directly and settled to the bottom. It has 
frequently happened that sheets of igneous rock have been forced from 
below into the strata long after they were deposited, and it is not always 
easy to distinguish between these intruded sheets of later date and true 
lava flows formed at the same time as the strata among which they occur. 
The test applied where possible is; whether the strata are hardened or 
baked above below, or only below. If the former holds, the strata 
must have been there before the igneous rock ; if the latter, the lower beds 
were there, but the upper had not been laid down. 

Life of the Cambrian Period. — It is known from direct evidence 
that life of some kind existed prior to the beginning of the period, but the 
remains of it are scanty and imperfectly understood. Further, if the tenets 
of the theory of evolution are accepted, it follows that, as the organisms of 
the Cambrian seas were descended from a long line of ancestors, a corre- 
spondingly long time must have elapsed during which those ancestral forms 
lived and developed. It is a remarkable fact that all the great groups 
of the animal kingdom, except the vertelfrata or back-boned animals, are 
represented among the Cambrian fossils. The majority of them, however, 
show clearly that they are but early types, from which were descended in 
later periods others better adapted to take advantage of their surroundings 
in the all-important matters of obtaining food and defending themselves 
against their enemies. 

Ordovician Period. — It has been said that during the later stages 
of the Cambrian the land was gradually sinking beneath the sea, and that 
finer sediments and limestones were laid down where at one time had been 
shallow sea with its sands and shingles, or perhaps even a land area. 
During the succeeding Ordovician period the submergence continued and 
reached a climax towards the middle, when deep sea prevailed over the 
greater part of the early Cambrian shore and extended over much of the 
Cambrian land. Afterwards the character of the sediments shows that 
■a slow and progressive shallowing set in which became more marked in 
the succeeding Silurian period. 
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Character and Distribution of Ordovician Rocks.— A striking 
diaiwrter of much of the finer-grained Ordovician sediments is their black 
colour, due probably to the admixture of a large amount of carbonaceous 
matter. It has frequently led to the expenditure of much time and 
money in futile attempts at finding coal in these rocks. Like the Cam- 
brian strata, they exhibit the same tendency to become thinner, finer- 
grained, and more calcareous in passing from west to east, or, more 
correctly, from south-west to north-east, which points to the continued 
existence of part of the old land area towards the west; the corresponding 
deposits of eastern North America are characterized by great deposits of 
limestone made up of organic remains. It is possible that by this time 
the continental area which occupied the North Atlantic had been worn 
down to a small elevation, and that the supply of mechanical sediment 
was becoming limited, and therefore a clear sea would result, enabling 
the calcareous organisms to live and thrive. 

The difference between the north and south European regions of this 
period was more pronounced than in the Cambrian. The former type, 
both of rocks and organisms, was the general one, and spread over such 
distant areas as Asia, North and South America, and Australia; the latter 
type was more local, being confined to southern Europe. In the Irkutsk 
r^ion of northern Asia the Ordovician rocks are developed as red beds 
of continental type, which are associated with deposits of rock salt. 

Volcanic Activity. — Over certain tracts of the European area there 
was prolonged volcanic activity at two distinct periods. Massive flows of 
lava and thick beds of volcanic ash occur among the normal sediments, 
hence eruptions must have occurred on the land as well as under the sea. 
The volcanic materials, being hard and resisting, exercised a profound 
influence upon the scenery of the regions occupied by these rocks when 
at a much later stage they were uplifted to form dry land; indeed their 
influence has not yet ceased to make itself felt, for the rugged character of 
much of the western part of the British Isles, especially of North Wales 
and the Lake District, is directly traceable to them. The hard lavas and 
compacted ashes lying among the softer sediments resist denudation and 
stand up as ridges and peaks, while the surrounding strata are carved out 
into vall^s and hollows. 

The close of the Ordovician period was marked by relatively coarser 
sediments, indicating a progressive shallowing of the sea over parts of 
northern Europe and North America; it may be r^arded as a minor 
disturbance in the Lower Palaeozoic marine period. In North America 
the Ordovician rocks were uplifted above sea level over considerable areas. 
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and occasionally slightly folded and exposed to denudation. The eleva- 
tion was followed everywhere by a depression at the Ix^nnii^ of the- 
succeeding Silurisui period, whereby the uplifted and denuded, rocte jrer^ 
once more covered by sediment In Britain the movemidnt 
confined to the borders between England and Wales, aikl its' 
portance lies in the fact that it was prophetic of the more extensive d&- ' 
turbance affecting these and wider regions at the close of the Silurian. 

Silurian. — The Silurian deposits show in a somewhat marked d^^ree 
the difference between shore or shallow-water conditions and open-sea 
conditions, which are represented by two different types of sediments. 
The first type consists of relatively coarse sandstones, and conglomerates, 
with limestones derived almost exclusively from the remains of reef- 
building corals, and therefore, necessarily formed in shallow water, as 
these organisms cannot thrive at a depth. In the second type black shales 
predominate; the carbonaceous matter to which they owe their colour 
was probably derived from the organisms called graptolites, which 
flourished in the surface waters of the deeper parts of the ocean, and 
whose remains after their death showered down to the sea-floor in count- 
less profusion. The deep-water conditions were, however, somewhat more 
restricted than in the Ordovician, and there is an evident preparation, which 
becomes more and more marked in the later stages, for the approach of 
continental conditions once more. 

Earth Movements and Mountain-building. — In the European 
region important earth movements, accompanied by the formation of 
mountain chains, brought the Silurian f)eriod to a close. The strata, 
especially of Scandinavia and North Britain, were thrown into ridges 
and troughs having a general north-easterly and south-westerly direction. 
The movements are of interest on account of their influence on the 
deposits formed during the preceding and succeeding periods. The soft 
sediments deposited during the great Lower Palaeozoic marine phase 
were consolidated and hardened, while intense pressure, such as gene- 
rally accompanies mountain-building, had the effect of rearranging the 
particles of the rocks, so that they set with their greatest length parallel 
to the direction of the pressure. 

Cleavage. — When a rearrangement of this kind takes place through- 
out a mass of rock, it shows a tendency to split in that direction more 
readily than along the bedding- planes. These, new planes of division 
are known as CLEAVAGE-PLANES, and are usually quite independent of, 
and transverse to, the bedding-planes. - The amount of cleavage depends 
on the intensity of the pressure and on the grain of the rock ; in shale or 
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mud it reaches great perfection if the pressure is sufficiently great. Split- 
ting can then only be induced along the cleavage-planes, for the bedding- 
planes are usually obliterated, and cannot be detected unless there 
happened to be thin beds of a different grain or of different colour in the 
original sediments. 

Slates. — When a rock is well-cleaved and of suitable gr^in, it can be 
split into the large, thin slabs known as SLATES, which are used mainly 
for roofing. The quality of the slates depends upon the perfection of the 
cleavage and on the power of the rock to withstand the atmospheric 
agencies without cracking or decomposing. Coarser -grained varieties, 
which can be split only into relatively thick slabs, are known as FLAGS, 
and are used for flooring and other purposes. It is probable that much 
of the cleavage which has affected the Palaeozoic rocks of north-west 
Europe was developed by the folding movements at the end of the 
Silurian period. 

North American Silurian. — There is no evidence that mountain- 
building occurred at this date in North America, but the succeeding 
deposits indicate that important changes in the relation of land and sea 
had t^ken place. The marine area suffered great restriction during the 
Silurian period, and much new land appeared over the North American 
area. The elevation was accompanied by the formation of extensive 
lagoons or inland lakes, where the connection with the sea was partly or 
entirely cut off, and where evaporation proceeded at a great rate. 

The water then became successively more saline by the concentration 
of the mineral salts which werq held in solution in the sea water, and 
of those carried in by such streams as flowed into the lagoons. Ulti- 
mately these were deposited, with the formation of extensive beds of rock 
salt and gypsum (both of which are present in sea water), which alter- 
nate with thick layers of red shale and limestone (probably a chemical 
precipitate), pointing either to incursions of salt water at intervals, or to 
the supply of fresh water carrying sediment from the land being greater 
than evaporation could remove. The deposits of rock salt in the Silurian 
tracts of North America are of considerable economic value at the 
present day. 
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CHAPTER VII 

SECOND CONTINENTAL PERIOD AND MARINE 
PHASE— DEVONIAN AND CARBONIFEROUS 

Devonian Period. — This period is interesting from the evidence it 
affords of the peculiar conditions under which the deposits were formed. 
As already mentioned, the Scandinavian and north British regions were 
theatres of mountain-building at the close of the Silurian period; but 
during that time the south of Britain was for the most part under the sea, 
and receiving the sediment washed down from the new-formed mountains 
in the north. As the tops of the anticlines became exposed to denuda- 
tion, the sediments were swept off into the intervening hollows, which in 
some cases were probably without free connection with the ocean. In 
those hollows deposits of a peculiar character were formed, consisting 
mainly of soft bright-red muds, usually called MARLS ; these are associated 
with coarse conglomerates which represent the gfravels washed down by 
torrential waters from the bordering land. 

Areas of Deposit. — The prevailing red colour of the great mass of 
the deposit points to its formation in isolated areas where evaporaticm was 
comparatively rapid. In the no^em r^on they were £aid ddmk ; 

upturned and planed-off edges of the older rocks; but towante the aduth» 
where the influence of the movements failed to penetrate, they probably 
succeeded the Silurian without any gap (though this is not quite ce^in 
in South Britain). There the deposits afe marine in character, consisting 
of shales and muds, with important masses of shelly and coral limestone, 
but there is also an important development of red muds, pointing to 
abnormal conditions during their formation. 

The BRACKISH-WATER or FRESH-WATER TYPE is conflned to certain 
parts of Britain, Scandinavia, and North America, where the deposits are 
relatively coarser (see plate); they are finer grained towards the south, 
and masses of limestone become more frequent, increasing in importance 
towards southern and central Europe. The red muds and coarser sedi- 
ments believed to have been formed under brackish-water conditions are 
known collectively as the Old Red Sandstone rocks, while the name 
Devonian is commonly restricted to the more normal marine types. It 
is interesting as another example of the close connection of the geol<^cal 
history of North America with north-west Europe that the two types are 
found there, and the deposits on the whole bear a striking resemblance in 
the two areas. 
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The MARINE SEDIMENTS are extremely widespread, being well de- 
veloped in Asia' and north-west India, and probably over a large area 
in Africa; also they attain great importance in South America, Australia, 
and New Zealand. Two distinct provinces can be recognized, but it 
is not known from what causes the difference between them arose. The 
northern includes the greater part of Asia, Europe, and North America; 
the southern one comprises South Africa, South America, and the southern 
part of North America, possibly also New Zealand and Australia. From 
that time, therefore, dates that close connection between the history of 
the great southern continents which became so marked in later times. 

Towards the middle of the Devonian period there was a great extension 
of the sea over the land, and consequently those rocks have a wider distri- 
bution than the Lower Devonian, and frequently rest on various older 
rocks which formed the land in the earlier stages. Continental conditions 
still persisted in parts of Europe and North America, and in the former 
region there was renewed movement It is probable that before the end 
of the Devonian the continents had been reduced by denudation to the 
condition of peneplains, and the supply of sediment was therefore limited ; 
the early Devonian rocks were to a certain extent derived from the de- 
nudation of the Post-Silurian land, but in the later stages that also had 
been greatly lowered in height, partly by denudation and deposition and 
partly by gradual subsidence. Accordingly the higher Devonian rocks 
are finer -grained, and contain a large proportion of organic limestone 
formed in clear waters. 

Volcanic Activity. — The n^ion affected by the Post-Silurian move- 
ments was one of considerable volcanic activity during the Devonian 
period. Great thicknesses of lava and ash from submarine and terrestrial 
volcanoes became mingled with the sediments, and large masses of molten 
rock were intruded from below into these and earlier-formed strata. The 
volcanic materials exercise a profound influence at the present day upon 
the scenery of the regions where they occur. 

Economic Products.— From the economic point of view the 
Devonian rocks are of great importance. In Europe they cany valuable 
mineral veins from which lead, zinc, tin, silver, and other metals are 
obtained. In America they form the most important reservoirs of oil and 
gas, and occasionally phosphates — of commercial importance as manure — 
are found in them in great abundance. 

Transition to Carboniferous.— The transition from the marine 
Devonian to the succeeding Carboniferous period seems to have been a 
gradual event all over the world, while by slow subsidence the Old Red 
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Sandstone continental and brackish-water conditions gave way to the 
extensive though shallow -water seas in which the early Carboniferous 
sediments were deposited. 

Carboniferous Period. — This period has exercised a more profound 
influence upon the development of the human race than probably any 
other. Reasons have been given for supposing that from a geological 
point of view this' period was unique. As we have already seen, certain 
areas in the Northern Hemisphere had remained above the sea throughout 
a very long interval, and no movements of great importance had occurred 
beyond a gradual elevation and subsidence, whereby the sea was rendered 
shallower or deeper and the extent of the land area increased or diminished. 

Denudation must therefore have reduced the greater part of the land 
to the condition of a peneplain, where the streams could do no more 
work in transporting sediment, and the only agents in operation were 
slow solution and wear along the sea margins. It is true that at the 
end of Silurian times mountain-building occurred over a relatively limited 
region in northern Europe, but the rapid denudation which seems to 
have been characteristic of that region during the succeeding Devonian 
period had the result of levelling off the mountain ridges and filling up 
the hollows with sediment. Hence it is probable that at the beginning 
of the Carboniferous period extensive regions had been reduced to a low 
elevation above sea level, whereby a subsidence of small amount would 
cause a large area of land to be submerged. 

Marine Phase. — In the Northern Hemisphere the subsidence began 
towards the close of the Devonian peribd, and the first Carboniferous 
deposits were laid down in a shallow sea. In more southerly areas there 
.seems to have been but little change from one period to the other. The 
shallow-water phase was followed everywhere by open-sea conditions, but 
the depth was probably nowhere very great. On account of the low level 
of the bordering land area the supply of sediment brought down by the 
streams was limited, and hence there resulted clear water in which certain 
organisms such as corals and crinoids were able to live and thrive. This 
was a phase when the deposits were mainly composed of the remains of 
calcareous organisms ; on hardening and compacting, they became massive 
beds of limestone, practically free from land detritus. 

Transition Phase. — This phase was followed over a widespread area 
by a curious change of conditions when an entirely 'different set of strata 
was formed. Calcareous sediments gave way to deposits of well-rounded 
pebbles of vein quartz, free from calcareous matter; in other areas, pre- 
sumably at greater depths or at a greater distance from a shore line, the 
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pebble beds were replaced by a great thickness of black muds. It is not 
quite clear how this change was brought about There is no evidence 
of violent earth movements to account for it, and such small disturbances 
as occurred at intervals do not seem adequate to have produced such an 
abrupt and important change. 

However it occurred it seems certain that a land area was then under 
the influence of vigorous denudation. From the nature of the sediments 
derived from it, it is inferred that this area was composed mainly of 
shale traversed by veins of quartz-“spar” along cracks, joints, and faults. 
Destruction of such an area would yield just the right materials, and as 
the beds of black shale which in one district appear to represent the 
pebble beds of another are relatively veiy thick, it is probable that the 
proportion of “spar” veins to the total amount of material removed was 
comparatively small. The perfect rounding of the pebbles suggests that 
the source was a considerable distance away. 

Swamp Formation. — Deposition of such strata continued until 
enormous areas had been to a large extent silted up and reduced to the 
condition of a swamp, with la^oon-like expanses, into which decayed 
vegetable matter and mechanical sediments were carried. On this swamp 
and on the borders of the surrounding land a rich vegetation throve, the 
decay of which gave rise to vast beds of carbonaceous matter mixed with 
a certain amount of fine sediment. Such were, in a general way, the con- 
ditions under which originated the beds of coal which make the period so 
important in its influence upon modern conditions. 

Formation of Coal Sea^s. — As to the precise manner in which 
individual coal beds were formed there is still much difference of opinion. 
Some maintain that the vegetable matter of a seam or vein of coal grew 
and decayed on the spot, and in support of this it is pointed out that 
underneath each seam there is a layer, usually of about the same thick- 
ness as the coal itself, of fine clay. This underclay, as it is called, 
differs from the bulk of the ^diment in containing veiy little soluble 
salts of potash and soda, for the reason, it is stated, that these materials 
were removed from the soil by the plants which were rooted in it It is 
therefore r^arded as the actual soil on which the Coal-measure vegeta- 
tion grew. The absence of the above salts makes the clay extremely 
difficult to fuse, a property which renders it of great commercial impor- 
tance for the manufacture of fire bricks used in lining the insides of 
furnaces and for other purposes of a similar kind. The “ growth-in-place ” 
theory is also supported by the fact that the fireclay is traversed by 
innumerable rootlets, and occasionally a Coal-measure tree has been dis- 
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covered standing vertically in the day in the position of growth, and 
passing up into ,thq overlying seam. 

It must be remembered, however, that although fireclay is vety com- 
monly found underneath coal beds, it is not universal, and in many cases 
the latter can be proved to be made up of vegetable matter drifted from 
a neighbouring land area, being made up of chips and fragments of woody 
material which had been collected together, somewhat as corks and other 
floating refuse are gathered into little heaps and left along high-tide marks 
around our coasts. In other cases the coals contain broken fragments of 
fish remains, which had obviously been swept together by currents. Both 
conditions seem to have been adequate for the accumulation of a huge mass 
of vegetable matter, which was subsequently protected from complete decay 
either by being covered with water or by sediment of a different kind. 

The thickness of a seam may vary from a fraction of an inch to 
several feet, while exceptionally, as in the case of the Xaveri seam in 
Upper Silesia, it may reach as much as 17 yd. Most of the worked 
seams range between 6 ft. and i ft, those of less thickness being usually 
unworkable. In any given coalfield the proportion which the aggregate 
thickness of coal beds bears to the total thickness of other sediments, 
usually known as “ measures ”, is small, (probably less than one part in 
thirty as a rule), so that the conditions for the formation of coal alter- 
nated with other conditions when ordinary deposits of muds and sands 
v/ere laid down. In certain districts these sometimes contain fossil shells, 
which are generally regarded as having belonged to animals which, in- 
habited fresh water; fish remains are also.occasionally found, but in other 
districts the measures contain bands rich in remains of marine organisms 
in addition to the freshwater types. 

It would appear, therefore, that although the majority of coal measures 
and coals were deposited or grew in fresh water, there were in some areas 
occasional incursions of the sea, carrying with it its own organisms. The 
fact that coal seams alternate with measures a large number of times in 
a given coalfield shows clearly that the area must have been undergoing 
slight oscillations, now rising slowly, now sinking gradually, and at other 
times remaining stationary for long intervals. As, however, the measures 
from top to bottom seem to have been laid down under much ^e same 
shallow-water conditions, it is probable that on an average tlie area was 
slowly sinking, and that the silting-up with sediment just kept pace with 
the subsidence. 

Formation of Coal. — We have next to consider the changes which 
the accumulated soft v^[etable matter underwent before it became true 
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coal. The first change was a partial decay under the influence of atmos- 
■pheric and dissolved oxygen, resulting in a loss of water and carbon; 
dioxide. As the beds became buried under later sediments the supply of 
ox)^n was cut off, but chemical changes still went on in the tissues, so 
that an enrichment of the carbon relative to the hydrogen and the oxygen 
took place. Such changes would be facilitated by the pressure of the 
overlying sediments, which, however, could offer but little check to the 
escape of the gases from the decaying vegetation. Plants are made up 
of chemical compounds containing the elements carbon, hydrogen,, and 
oxygen in varying proportions, as well as small quantities of nitrogen 
and sulphur. Small amounts of mineral substances are also always present. 
Decomposition and subsequent change sets free water and various gases — 
chiefly marsh gas CCH4) and carbon dioxide (COg). 

Characters of Coal. — Coal as we find it is a hard, brittle, black, 
shining substance, composed chiefly of the above elements, as well as some 
mineral matter which remains as ash when the coal is burnt. It differs 
essentially from unchanged vegetable matter in the much higher pro- 
portion which the carbon bears to the hydrogen. This proportion varies 
indeed in different coals, and is of importance in determining the uses 
to which the coal can be applied. 

Kinds of Coal. — Three kinds are usually distinguished: (i) soft 
coal, house coal, or bituminous coal, in which the proportion of C to H is 
relatively small; (2) steam coal, with a higher proportion; and (3) hard 
coal, or anthracite, with the highest proportion of all ; in fact, the purest 
kinds of anthracite contain little, else than carbon. The difference between 
various kinds of coal, peat, and ordinary wood may be seen from the 
following table of analyses, taken from Chamberlin and Salisbur^s Geology, 
Vol. II, p. 570, where, however, the proportion of carbon to hydrogen is 
not worked out. 
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Effects of Pressure. — In addition to ordinmy dnu^^ dm to 
decomposition, the coal beds have in most caau be^ 
pressures by the accumulation an enormous tbicinijtM 
them; some again have been carried dowii to ocihskferkye 
earth’s crust by slow subsidence, and have thus been brought under the 
influence of higher temperatures than are found at the sur&ce; while, 
as will be seen in the sequel, many of the areas where coal was formed 
have been visited by violent earth movements, whereby the seams, as well 
as the measures enclosing them, have been folded, twisted, and broken. 
All these accidents have contributed to bring about the conversion of the 
soft vegetable matter into the condition of hard, bright coal. • 

Uses ok Coal. — ^The bituminous varieties are used mainly for the 
manufacture of gas and coke, and for household purposes. From the 
industrial point of view they are the most important of all, as from their 
distillation for the manufacture of gas is obtained the crude product known 
as coal tar, from which innumerable organic compounds are prepared, 
many of them of the first importance in certain industries. The use of 
soft coal for household purposes is attended with a serious disadvantage 
from the difficulty of completely burning it; the incompletely burnt 
material escapes into the air as smoke, and gives rise in large towns to 
serious visitations of fog. For this reason also it cannot well be applied 
to the same special purpose as the second kind — steam coal. This burns 
with a clear flame, and gives off but little smoke, while its heating power 
is very high; the.se two qualities render it especially suitable for con- 
sumption in warships, and, indeed, this 'kind is used by nearly all the 
navies of the world. 


Anthracite bums with an intense red glow and with veiy little flame. 
It is, however, difficult to light, and is generally more troublesome, as 
the use of anthracite for household purposes usually requires the con- 
struction of special stoves; but there is no doubt that if its use became 
general a great deal of the inconvenience caused by the smoke and dust 
of large towns would be avoided. Fresh means are continually being 
devised for utilizing it, and it is possible that in the immediate future 
it will to a large extent replace other kinds, not only for household 
purposes, but also for the generation of power. An ingenious attempt 
has already been made in the latter direction. Steam and air are passed 
over a glowing anthracite fire, whereby chemical change sets in with 
the formation of hydrogen and carbon ' monoxide. These gases are 
then mixed with air, and led into a combustion chamber similar to tliat ' 
of an ordinary gas or oil engine, where they are exploded in the usual way. 

VOL. I. . 20 
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Various processes are now in use for compressing what is known as 
"small coal" into briquettes, which. are used for household purposes, buf 
the industry is better patronized on the Continent than in Britain. 

Distribution of Coal. — Although conditions favourable to the 
accumulation of coal prevailed over enormous areas during the later 
part of the Carboniferous period they were by lio means universal. There 
were other regions much greater in extent where marine conditions 
predominated and calcareous deposits were laid down, while such coal 
seams as were developed in those areas belong to an earlier stage. The 
coal - forming phase (see plate) extended across northern and central 
Europe, and reappeared in the eastern parts of North America, emphasiz- 
ing once more the essential unity of the history of these two portions of 
the earth^s surface now separated by the wide Atlantic basin. In these 
r^ions the sequence of events was everywhere the same — an initial 
shallow-water stage, followed by a marine stage, which gave way to the 
peculiar final shallow- water stage when the coal seams were formed. In 
the other region the formation of coal attended the initial shallow-water 
stage, which was followed by gradual subsidence and the development of 
marine deposits nearly free from terrestrial vegetable matter. This marine 
phase prevailed over a great part of Russia and other areas of southern 
and eastern Asia on the one hand, and over North America, west of the 
Mississippi, including the Rocky Mountains, on the other. Limestones 
of this stage have been observed also on certain islands in the Malay 
Archipelago, and in Spitzbergen, Nova Zembla, and others within the 
Arctic Circle. 

Another region, which may be distinguished as the Mediterranean 
Region, shared both conditions, and the sediments are consequently of 
mixed character, resembling those of central Europe on the one hand 
and those of Russia on the other. It comprises the Carboniferous deposits 
of Spain, the south of France, and the Alps, and probably those of the 
Balkans, while those of North Africa may probably be included in the 
same region. 

Calcareous and coal -bearing strata somewhat similar to those of 
central Europe are known from certain parts of South America, 
Australia, and Tasmania, showing how extraordinarily widespread was 
this peculiar phase of deposition. 

Climatic Conditions during the Carboniferous Period. — It 
is the general opinion that in the Northern Hemisphere the climate during 
the period was warmer than the present; the Lower Carboniferous seas 
show abundant evidence that corals and other organisms which now 
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inhabit warmer r^ons lived freely in them; unless therefore^ these 
organisms have altered in.tibeir habits the above concli^oir^ 
the other hand, there is evidence that at this p^dd oir 
areas in the Southern Hemisphere were under the infltt<»M 
ditions, and therefore cooler than they are at the present clay; but udtether’ 
the average temperature over the globe was higher or lower than at present 
cannot as yet be discovered. The great development of plant life during 
the formation of the Coal Measures points to a mild, moist climate of 
medium temperature, if one can argue from analog with the present 
day; for too low a temperature would check plant life, while too high a 
temperature would cause such rapid decay that the preservation of the 
large quantities of vegetable matter necessary to form the beds of coal 
would be almost impossible. The character of the vegetation fairly 
justifies the conclusion that the atmosphere, at any rate in those r^ons 
where coal was forming, was a moist one. It is difficult to ims^ne 
that kind of vegetation flourishing to so great an extent under any 
other conditions. 


CHAPTER VIII 

THIRD CONTINENTAL PERIOD— PERMIAN 

AND TRIAS 

Towards the close of the Carboniferous period there was a general rise 
of the land in the Northern Hemisphere, which culminated in very power- 
ful earth movements. Ranges of mountains came into existence where 
previously there had been sea since very early times, and the whole 
aspect of that part of the earth’s surface underwent a radical change. 
The more important features of the movement and its influence on the 
succeeding deposits will be treated of below. 

Mountain-building. — In the Northern Hemisphere these deposits 
show evidence of having been accumulated under peculiar conditions, 
which were more or less directly connected with the earth movements, 
but in more southern latitudes, where the disturbances were not felt, the 
sea maintained its sway throughout, and sediments of ordinary marine 
types were laid down. The elevation which commenced at the close 
of Carboniferous times reached its g^oatest intensity in the Northern 
Hemisphere, more especially in Europe and western Asia, where it gave 
rise to two sets of mountain ranges trending almost at right angles. The 
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central Asiatic region appears also to have sulifered elevation and folding at 
about this time. In Europe the most important set had a general east- 
and-west direction, and was produced by intense folding and squeezing of 
the rocks, accompanied by powerful fractures. The individual folds were of 
the unsymmetrical type, the steep limb or septum being frequently vertical 
or even overturned (overfolds), and always facing away from the centre 
of the range — a sure indication that the forces which elevated the moun- 
tains acted outwards from the centre as well as upwards. The violent 
pressures oitoi developed the structure known as slaty cleavage in the 
softer rocks, whereby the original stratification became almost obliterated 
and replaced by the cleavage-planes. 

Some volcanic activity accompanied or followed the movement, the 
material in many cases reaching the surface in the form of flows of lava 
or showers of ashes, but more frequently large masses of molten rock 
were forced into the strata at a depth, setting up great changes in the 
rocks in their neighbourhood, and often giving rise to valuable mineral 
deposits. During and after the uplift of the mountains, denudation was 
actively at work in levelling them off, and in the course of a long period 
of time the high ranges of mountains were worn down to an undulating 
surface not far above the level of the sea, thus exposing to view the 
rocks that, were at one time hidden at great depths, and enabling one 
at the present day to glean some idea of what took place in the heart 
of the mountains during that far-off period. 

A brief account of the course of this important post-Carboniferous 
elevation may be of interest (see plate). The northern margin of the 
folded mountain chains extended from the south of Ireland through the 
coalfield of South Wales, and thence crossing the Bristol coalfield passed 
to the north of the Mendips. Its further course in the south of England 
cannot be followed at the surface, the old mountains have there been 
buried under later sediments, but indirect evidence of its existence under- 
neath has been obtained, and its position can be determined approximately. 

This is confirmed when the region beyond the Channel is examined. 
The Belgian coalfields have been affected by intense movements of a 
type similar to those in the south of England and Ireland, but the 
rocks have been folded and shattered to a much greater extent. The 
northern limit can be followed in a direction a little south of east from 
Calais to Valenciennes; the range then turns slightly northwards along 
the border of the Ardennes, past Namur and Liige, towards the Diisseldorf 
coalfield; b^ond this it disappears under the recent deposits of the 
north German plain. Leaving the maigin of the, chain and proceeding 
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towards its interior, increased folding and faulting of the strata become 
apparent, affording some indication of the more complex conditions in 
the heart of the mountains. 

Nowhere can this be seen more clearly, than in the west of England, 
where, in passing from the South Wales or Bristol coalfields towards 
Devonshire, the rocks become increasingly more contorted and shattered, 
while older beds appear at the surface which were once buried under 
a great thickness of rocks. The folds are unsymmetrical and usually 
inverted, while the faults are overthrusts along which older Sti^ 
been pushed over from the south on to younger strata on the' tiihtt^' 
In Devon and Cornwall the first igneous rocks are met with in the great 
granite masses of Dartmoor, Bodmin, and others; at some late period 
of the movement these were forced in a molten state among the deeply- 
buried rocks, and have been brought to view by the subsequent removal 
by denudation of the enormous cover of overlying strata. 

Thermal Metamorphism. — Close to the margin of the granite the 
physical characters of the sediments have been entirely changed by the 
intense heat of the molten masses forced among them, and it is some- 
times extremely difficult to determine their original state. What were 
previously soft muds, shales, or limestones have been thoroughly recrys- 
tallized, and a host of new minerals have arisen by a chemical recom- 
bination of the elements of the rocks under the infiuence of the prolonged 
and intense heating. In addition to this, minerals of great commercial 
importance at the present day owe their origin to the same series of 
events. The intensely heated vapours driven out from the molten masses 
passed up through the strata, and escaped along fissures which were 
formed in great abundance in and around the granite areas; those gases 
brought up in one form or other the elements of the tin and copper 
minerals, which were ultimately deposited on the walls of the fissures, 
where they crystallized. It is probable that much of the vapours reached 
the surface and escaped into the air, as is observed frequently in modern 
volcanic regions. The minerals which were formed in this way deep in 
the earth have been laid bare by the same denuding forces as exposed 
the consolidated granite masses, and now form one of the most important 
sources of tin and copper in the world. 

To the south of the rich mining districts of Devon and Cornwall, 
which lie principally in the Devonian and perhaps the Silurian rocks, older 
strata form the surface, which have been pushed up from the south along 
important overthrust faults, while still farther south are the old ctystalline 
gneisses and schists, probably of pre-Cambrian age, fringing the coast and 
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appearing, again in some of the neighbouring islands — on one of which the 
Eddystone lighthouse has been built. These old crystalline rocks of Corn- 
wall are only the forerunners of the much larger masses of them which 
appear across the Channel in Brittany, where the centre of the chain 
probably lay; the site of the present English Channel was at that period 
occupied by mountains. 

Brittany is floored by large areas of pre-Cambrian rocks, among which 
appear narrow belts .of Cambrian and Silurian strata, which are merely 
the ends of deep troughs of the sedimentary series pinched in among 
the crystalline masses. About the middle of the Bay of Biscay the 
southern visible limit of the chain is reached; the region to the south is 
covered over with younger sediments, and no evidence has been obtained 
of the continuation of the uplift in that direction. This immense range, of 
which only the worn-down stumps are now visible, must therefore have 
extended nearly 400 miles from north to south. The southern termination 
can be traced in a south-easterly direction from the Bay of Biscay along 
the north of the Gironde valley to the upland region of the Auvergne, 
where it takes an abrupt turn to the north-east, and ranges almost parallel 
to the northern margin of the Alps as far as Bohemia, beyond which it 
becomes concealed again under later sediments. It does not appear to 
have crossed the plains of Poland and Russia, as wherever the Palaeozoic 
rocks are exposed in that direction they lie undisturbed and nearly 
horizontal. 

The chain presents the same characteristics at whatever part it is 
crossed. Coalfields or Carboniferous rocks are found nearly everywhere 
along its northern margin, and the coal seams and the strata which include 
them are highly disturbed all the way from England to the Rhine; in the 
Belgian coalfields the same bed of coal which had been twisted into a zig- 
zag fold was pierced three times in a single vertical shaft. Everywhere 
the Carboniferous rocks are followed towards the interior by Devonian 
rocks, likewise intensely disturbed, and not infrequently thrust bodily 
over the younger strata — for in the Pas de Calais the Coal Measures were 
worked underneath the Devonian rocks. 

The latter strata form the greater part of Devon and Cornwall, the 
Ardennes, and the Eifel, while still nearer the centre of the chain are the 
older sedimentary series alternating with crystalline and volcanic rocks; 
these are now much broken up both by denudation and by the extensive 
subsidence along normal faults which followed the folding movement; sa 
that only the stumps remain of the once-continuous mountain core. The 
hard nature of the rocks of which these stumps are composed has enabled 
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them to resist the ravages of denudation better than the strata by which 
they are surrounded, and they stand up in the picturesque hills and moun- 
tains of the Harz, Thuringer Wald, the Odenwald, Schwarzwald, and 
Vosges on the Upper Rhine; they also cover large areas of Bohemia in 
the east and the Central Plateau of France in the west. These isolated 
masses of Palaeozoic and pre-Cambrian rocks projecting out of younger 
.sediments form, as it were, the skeleton from which the old post-Carbon- 
iferous mountains can be reconstructed in imagination. 

On the east of the vast plains of Russia are the Ural Mountains, a 
narrow chain pursuing an almost north-and-south direction, which was also 
elevated at the close of the Carboniferous period. This, as will be remem- 
bered, is the dominant direction of the other mountain ranges of that 
period, which are represented in England by the Pennine Chain and the 
Malvern range. The smaller Timan range, lying to the west of the Urals, 
is a parallel chain of the same age. The Urals, however, are more com- 
parable in the overthrusting and overfolding along their western margin 
with the east-and-west type than with the Pennine chain, where these 
structures are absent or only feebly developed; they indicate that the 
range has been pushed from the east towards the Russian plain. The 
former extent of the range has been greatly reduced by subsequent denuda- 
tion and by a covering of later sediments. The central Asiatic uplift was 
somewhat in the form of a horseshoe surrounding the higher regions ol 
the present Lena and Yenissei rivers; the chain was everywhere pushed 
towards the interior of the horseshoe. It is probable that a small range 
occupied the region of north-west Spain at this period, but whether it 
formed a part of the larger elevation cannot be discovered, as, if a connec- 
tion existed, the evidence of it is hidden under the waters of the Atlantic. 

The movement was not confined to Eurasia, for in North America there 
is evidence of an important mountain-building movement at the close of 
the Carboniferous period. The regions chiefly affected had been more or 
less submerged since the first continental period, and a great thickness 
of sediments had therefore accumulated. These were elevated into two 
mountain chains; the first ranges in a direction from north-east to south- 
west; the strata were highly folded and faulted by forces acting towards 
the interior of the present continent. The western margin of the chain 
extended from the north of Nova Scotia parallel to the St Lawrence, 
and along the western side of the Appalachians and the Alleghanies. The 
rocks to the east of the St Lawrence are highly folded, while those on 
the west are undisturbed. The continuation of the chain to the south is 
concealed under younger strata, while on the north it runs under the sea 
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of Greenland. Its former extension to the east is likewise concealed by 
the ocean, but from the striking parallelism of the present coast line with 
the direction of the folds there is little room for doubt that this feature 
was to a certain extent determined by the events at the end of Carbon- 
iferous times. The second uplift affected the Rocky Mountains, but these 
were uplifted also at a later stage. 

Consequences of Mountain -building Phase. — Having traced 
the main lines of this great mountain-making movement, it will be neces- 
sary to consider its more immediate consequences both in relation to 
previously existing strata as well as to those 'which were formed later 
during the succeeding quiescent stage. One of the direct results was the 
hardening and stiffening of the Palaeozoic rocks, which has enabled them 
better to resist the denuding forces of later times, for it is found that where 
those strata have been affected by the movement they stand up at the 
present day as prominent features on the earth’s surface, while in those 
regions, such as the borders of the Baltic, where the movement did not 
penetrate they still remain in a loose incoherent condition, and form 
monotonous country of low relief. It may be stated in general that the 
more rugged parts of the earth’s crust are those which have been affected 
by violent earth movements subsequently to the formation of their rocks. 

The effects of the elevation on the Coal Measures are of great impor- 
tance from a commercial point of view. The continuous areas of coal- 
bearing strata were uplifted above the level of the sea and thrown into 
ridges and troughs; a large amount of coal must have been swept off the 
ridges by the succeeding denudation, but the troughs were protected from 
its influence. Had it not been for the elevation, however, the Coal Mea- 
sures would have remained under water, and their rich stores would have 
been withheld perhaps for ever. 

Just as the eastern coast line of North America was predetermined at 
this stage, so were the main features of central Europe, while the present 
boundary between Europe and Asia which runs along the Ural range is 
clearly traceable to the same series of events. It is probable also that the 
drainage system of central Europe owes not a little to the post-Carbonif- 
erous uplift, for it is a striking fact that the principal water parting coin- 
cides in a general way with the centre of the gfreat chain; but the details 
of that drainage are the result of many subsequent accidents which befell 
the same region. If, as is likely, a drainage s}^tem was originated in the 
west of England and Wales by the east-and-west elevation, nearly all traces 
of it have been obliterated. 

The connection between lines of drainage and the north-and-south 
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elevation is more obvious both in Europe and North America. The Pen- 
nine chain persists to this day as 'the principal water parting of the north 
of England, though, as has been pointed out, there have been many changes 
in the courses of individual streams; again, in the Urals the tributaries of 
the Oby on the east, and those of the Ural, Volga, and Petchora on the 
west, divide along the centre of the chain, while in North America the 
Alleghanies and Appalachians separate the coast drainage from that of 
tlie Mississippi feeders, but subsequent events in .the latter region have 
modified the drainage system considerably and thereby masked its original 
simplicity. 

New Red Sandstone. — The deposits of the Third Continental 
Period are embraced within the Permian and Triassic systems, and are 
sometimes spoken of collectively as the New Red Sandstone to distinguish 
them from the red strata immediately preceding those of the Carboniferous 
period. 

Desert Conditions. — The emergence of land from beneath the sea 
was not confined to the mountain country embraced by the folding move- 
ments but was a general incident, especially in the Northern Hemisphere. 
An exceedingly large area of new land was thereby created, which was 
traversed or bordered by high mountains. These circumstances would 
in themselves be eminently favourable for the setting up of de.sert condi- 
tions, but there is some evidence that in addition a fairly high temperature 
prevailed, due in part to the distribution of land and sea at the time, and 
probably to other conditions which are discussed below. 

Warm Climate. — As was pointed ou<- by Lyell, a lai^e mass of land 
in low latitudes (t,e. approaching the Equator) ensures a warm climate, for 
the reason that a land area is rapidly heated aiid imparts some of its heat 
to the air in its neighbourhood, which rises and moves in the higher r^ons 
of the atmosphere towards the poles. Those areas serve therefore the 
purpose of a “hot-air apparatus” for the colder regions. On the other 
hand, water absorbs heat slowly, but also it parts with it tardily, so that the 
presence of a great body of water prevents extremes of heat and cold. 

Applying these considerations to the period in question there is evidence 
that the north polar r^ion remained under the sea throughout, while the 
great land mass extended over the greater part of the Northern Hemisphere 
from moderate to low latitudes, and therefore without assuming that the 
general temperature of the earth was higher at that period than to-day the 
fairly warm and arid conditions necessary for the formation of deserts 
might be expected. 

Nature of Deposits in North-west Europe.— The deposits 

voL. I. ai 
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which bear the stamp of continental and desert conditions are found 
extensively in central England, and are continued under younger strata 
to the centre of Germany, where they wrap round the remnants of the 
post-Carboniferous chain and rest on the upturned and eroded edges of 
the older rocks, showing that a long period of denudation had preceded 
their deposition (see plate). Their mode of occurrence and physical 
characters throw considerable light on their origin and on the conditions 
which prevailed during their formation. They consist, in the main,' of 
bright red sands and clays commonly called marls, with, especially in the 
earlier stages, frequent beds of well-rounded pebbles, and irregular patches 
of breccias made up of angular fragments. The floor on which they 
were laid down was often highly uneven, for they are not infrequently 
found banked up against the older rocks in such a way as to suggest 
the existence of cliffs projecting out of shallow water or the surface of a 
desert. The breccias are such as would be washed down from the high 
ground by torrential rains, while the pebbles imply transport by rivers for 
a considerable distance. The finer deposits are to a larger extent “ millet- 
seed ” sands, which are known to be characteristic of desert areas. 

The composition of the pebbles and the minerals associated with the 
grains of sand suggest that in England they were derived from a southerly 
direction, where, as will be remembered, lay the post-Carboniferous 
mountain chains. In some districts, especially the Chamwood Forest 
of England, the pre-Cambrian rocks underlying the red sands exhibit 
as typically wind -eroded and polished surfaces as any modern desert. 
But while many of the coarser deposits may have been formed on a 
land surface or carried off such a surface into the water areas, the finer 
deposits were probably accumulated in inland sheets of water like the 
modem Caspian Sea, or in constricted arms of the sea where evaporation 
was rapid. On some of the muds, sun cracks formed by drying when 
the water level was low, pittings produced by heavy rain, and the tracks 
of animals have been preserved, all of which afford a clear insight into 
the conditions under which such strata originated. These indications, as 
well as the prevailing red colour of the deposits, support the conclusions 
drawn above as to the climatic conditions of the period. 

Fossils. — Remains of animal life are scarce, but when, as occasionally 
happens, beds of limestone or dolomite are found, they contain marine 
shells, which are usually stunted and belong to but few species, implying 
that the organisms were struggling against adverse conditions, probably 
excessive salinity of the water. The poverty of species suggests that 
many of the forms succumbed, or, where possible, migrated into other 
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areas where the conditions were more favourable. It is usually noticed 
that in Europe the limestone beds thicken southwards and eastwards, 
and remains of life become more abundant, showing an approach to the 
open-sea conditions which prevailed in that direction. 

Economic Products. — Of great importance commercially is the 
existence in these red rocks of thick deposits of inorganic salts, mainly 
chlorides and sulphates of calcium, magnesium, potassium, and sodium, 
all of which occur in small quantities in sea water; the more insoluble 
salts, as sulphate of calcium, are of frequent occurrence in the New Red 
Sandstone rocks, but the soluble salts are rarer. There is little doubt 
that these deposits were formed by the long-continued and more or less 
complete evaporation of an inland sea under the influence of a warm 
and dry climate, when the various salts crystallized out as the water 



became saturated. After deposition they were covered over by fresh 
muddy sediment brought down from the adjoining land, and were thus 
protected from subsequent solution by percolating waters. 

The famous salt deposits of Stassfurt, in Germany, which are inter- 
bedded in Permian strata, are known all the world over. The rock- 
salt bed is about 1200 ft. thick, and is followed by about 150 ft. of the 
more soluble potassium and magnesium salts known as Abraum salts 
(fig. 36). This enormously thick salt bed is believed to extend under a 
large area of central Germany, probably reaching as far as Berlin; in 
many cases its occurrence is only indicated at the surface by springs of 
strong brine. 

In Britain deposits of inorganic salts are also found, but in strata of 
later date (Upper Trias); only the less soluble products of sea water, 
such as sulphate of calcium (gypsum) and chloride of sodium (rock salt), 
occur. The absence of the more soluble constituents points to a less 
complete evaporation in those r^ions. In Cheshire, where most of the 
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rock-salt deposits occur, the b^s are sometimes mined underground like 
coal, but more usually water is introduced, and the salt is pumped up 
in the form of brine. Around Nantwich and Stoke the removal of the 
salt in solution has caused the subsidence of large tracts of the surface 
on which sheets of water collect, and it has been suggested that some of 
the Cheshire lakes or meres are due to subsidence consequent upon the 
removal of soluble salts by percolating underground waters. 

Conditions of a like nature prevailed in North America on the eastern 
slopes of the Alleghanies, and in the eastern and central parts of the 



Fig. 37.— Section of Glacial Conglomerate of Trianic Age near Prieska, South Africa (Schwan) 


Rocky Mountains. The strata are there associated with rich coal beds, 
and also with considerable outpouring of lavas. 

Permo-Carboniferous. — It has been observed that in the Car- 
boniferous period parts of Europe and North America offered different 
types of deposits from those of the rest of the globe, a difference which 
was maintained in the succeeding period, for in eastern Europe, parts 
of Asia, India, Australia, and certain regions within the Arctic Circle, 
the marine Carboniferous sediments were followed without interruption 
by other strata mainly marine, which correspond to a time intermediate 
between the European Permian and Carboniferous, to which the term 
Permo-Carboniferous has been applied. The deposits bridge over the 
gap between the two periods in central Europe, where marine sediments 
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Fig. 38.~GIaciated Quartzite beneath the Triassic Glacial Conglomerate near Prieska, South Africa. The 
rock surface shows glacial striae (Schwarz) 


are absent on account of the earth movements and continental conditions 
which prevailed there. 

Glacial Deposits. — One of the features of that period was the strik- 
ing similarity of conditions throughout the Southern Hemisphere, which 
extended both to the marine and to the freshwater sediments. The most 
interesting deposits are those which show, the undoubted existence of glacial 
conditions at some part of the Permo-Carboniferous period. In India, true 
boulder clays, containing typical scratched and smoothed boulders (Talchir 
Beds), lie at the base of the marine and freshwater series. Ag^n, in 
South Africa, the Dwyka conglomerate is of precisely similar character 
and occupies a corresponding position (fig. 37). Further, it can be seen 
in many places to rest on a platform of rock which has been thoroughly 
grooved and polished by the movement of ice over it (fig. 38). 

Similar conditions prevailed in southern Australia, where the glacial 
beds also lie at the base of the Permo-Carboniferous rocks; while boulder 
beds, probably formed in the same manner and at about the same period, 
have been discovered in the Argentine Republic and in the Falkland 
Islands. Thus, so far as any land exists at the present day in the Southern 
Hemisphere, to allow one to form an opinion, it would seem that glacial 
conditions obtained over an extensive area. 

In northern India the boulder beds are followed by a marine series 
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which persisted far into the Secondary period; but over a greeit part of 
Asia, as well as South Africa, South Australia, and the Falkland Islands, 
land conditions seem to have prevailed, since, as a rule, the boulder beds 
are followed by coal-bearing strata carrying the remains of land plants. 

Permo- Carboniferous Plants. — A remarkable uniformity is 
observed between the Permo-Carboniferous plant life of the Southern 
Hemisphere. In central India, Victoria (Soutii Australia), South Africa, 
and in some parts of South America, there has been found a peculiar flora 
known as the Glossqpteris-^ordi, characterized by certain ferns, of which 
the above-named genus and its immediate allies are the most important. 
The enormously wide distribution of these ferns over that hemisphere 
suggests the existence of an extensive and connected land area, on which 
they lived and were distributed. It is a remarkable fact that the deposits 
formed in those regions of central Asia visited by the post-Carboniferous 
uplift resemble closely those of the Indian continent, and also contain the 
Glossopteris-^otdi. As will be shown below, a considerable tract of sea 
separated the two regions at that period, which might be expected to 
interfere seridusly with the distribution of the ferns. 

Southern Land. — It has been suggested by Professor Suess that the 
southern continents mentioned above, and probably also South America, 
were joined at that period to form one vast continental area, to which he 
has given the name Gondwana-land, after a province of central India. He 
supposes that the breaking up of the continent took place by gigantic 
faulting, and that it was an event of comparatively recent date. Whether 
such a sweeping generalization j,s justified by the amount of evidence 
hitherto obtained is open to doubt, but such an hypothesis certainly 
accounts for what is a remarkable fact, viz. the close similarity, not only 
during that period but in much later times, between what are now the 
continents of India, South Africa, South America, and Australia. 

It would be interesting to know how much land existed around the 
South Pole, and whether there was any connection between that land 
and the more northern tracts. The South Polar regions at the present 
day seem to resemble geologically the Australian continent, and may 
at one time have been connected with it. According to Lyell, a large 
mass of land in high latitudes, especially if it extended up to the pole, 
would give rise to a cold climate over that hemisphere, and it is possible 
that the phase of extreme cold which gave rise to a glacial period in 
the Southern Hemisphere was due to son^e such geographical conditions, 
while the warm and arid climate over the Northern Hemisphere at the 
same time was due to the opposite set of conditions. 
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Glacial Theory of Chamberlin and Salisbury. — The American 
geologists Chamberlin and Salisbury have lately developed a theoiy of 
glaciation which pertains not only to the period under consideration 
but to all others. It is based on the influence which the constituents of 
the atmosphere exert in protecting the surface of the earth from loss 
of heaft by radiation into space. The greatest effect is ass^e4 to 
carbon dioxide and the water vapour, which are known to have - 
siderable power of absorbing heat If, therefore, from' any cause those 
two constituents suffer serious diminution, a general fall of temperature 
of the earth’s surface must ensue. The localization of cold conditions 
is assigned, with some reserve, to special ge(^raphical and meteorological 
considerations. An attempt will be made to outline' their hypothesis as 
applied to the Permo-Carboniferous glacial period. The complete theory 
involves many subsidiary effects, and a full statement would occupy too 
much space. 

The Carboniferous period was remarkable for the development of 
enormous masses of limestone which were of general distribution. Their 
formation made serious demands upon the carbon dioxide of the atmos- 
phere as well as upon that dissolved in the water. In addition, in the. 
later stages a luxuriant vegetation throve which made further inroads upon 
the supply of carbon dioxide. It is considered, therefore, that that con- 
stituent was almost removed from the atmosphere and from the water 
towards the close of the period. Great earth movements then followed; 
the ocean basins were deepened, and the average height of the land 
increased, especially along certain belts where the crumpling was most 
severe. 

Those changes had several consequences upon the constituents of the 
atmosphere. In the first place, the withdrawal of the water from the 
land into the ocean basins diminished the surface of evaporation, and, 
in consequence, the amount of water vapour in the air. There is evidence 
that this was the case in the arid conditions which prevailed generally. 
In the second place, the greater surface of land exposed, and its increased 
altitude, favoured radiation of heat into space, especially as the lines of 
mountain rangjes prevented the free circulation of the air in the lower 
regions of the atmosphere. The air was therefore forced to rise to great 
heights in the heated' areas, and, after passing the barriers, descend into 
the cold regions. This involved great loss of heat to the atmosphere 
by radiation into space. 

From those two causes a general lowering of temperature over the 
whole surface must have ensued. That, ^[ain, reacted on the amount 
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of carbon dioxide in the atmosphere, for water can absorb much more 
at a low temperature than at a high. Any cause that brought about 
a general fall of temperature would therefore enable more carbon dioxide 
to be absorbed by the sea waters, to the loss of the atmosphere. A third 
consequence of the upheaval affected that constituent directly. The land 
before the elevation must have been in the state of a peneplain over large 
areas, but the general raising of the surface above the sea-level gave new 
energy to the streams, and they proceeded to deepen their channels, and 
incidentally removed a large amount of loose soil which had accumulated 
on the peneplains. The carving out of river valleys and the removal of 
soil exposed large areas of fresh and unweathered rocks to the atmos- 
phere. 

In the process of weathering, carbon dioxide plays a prominent part, 
entering into combination with various bases, such as lime, magnesia, soda, 
potash, &c., forming compounds which are removed in solution. Hence 
fresh inroads would be made upon the already scanty supply of that gas. 

These three effects — ^viz. the direct loss of heat by radiation consequent 
on the general upheaval of the land surface, the presence of barriers to 
free circulation in the lower regions of the atmosphere, and the secondary 
losses due to the depletion of the supply of water vapour and carbon 
dioxide, which rendered the blanketing power of the atmosphere less — are 
considered to have been sufficient to reduce the general temperature of the 
earth’s surface sufficiently to allow a glacial regime to prevail over those 
regions where geographical conditions were favourable. The above-named 
authors suggest that during the .Permo-Carboniferous period there may 
have been land connections between India, Australia, and New Zealand, 
and probably with Antarctica, which would seriously interfere with the 
oceanic circulation in the Southern Hemisphere. If the ocean currents 
are assumed to have been due to causes similar to those of the present 
day, then the warm Pacific currents which now pass into the Indian 
Ocean via the East-Indian Archipelago would be cut off and turned 
back into the Pacific, thus concentrating the heat there. Again, the cold 
currents from the South Polar r^on which now reach the Pacific via 
New Zealand would be turned into the Indian Ocean, or what then was 
of it That region would therefore be likely to have a cold climate, suitable 
for the development of glaciers. 

The older hypothesis, put forward some years sgo by Croll in his 
Climate and Time, attributes this and all other glaciations to variation 
in the eccentricity of the earth, but this theory is too complicated to be 
stated here. 
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CHAPTER IX 

THIRD MARINE PERIOD— JURASSIC AND 
CRETACEOUS 

General Subsidence. — The continental period in the central £uro> 
pean region was followed everywhere by one of gradual subsidence, when 
the sea once more crept slowly over the land. Long-continued denuda- 
tion under a desert regime had already reduced the mountain areas to 
a low, rolling upland; the hollows had been partly filled -in by sediments, 
while marine erosion during the general subsidence completed the process 
of levelling, and thus an approximately plane surface had been prepared 
to receive the succeeding deposits. 

Nature of Deposits. — These are chiefly remarkable in containing 
a large quantity of calcareous matter in the form of limestones or cal- 
careous sandstones and mudstones, which alternate with deposits of fine 
dark clay in many areas. On account of the very perfect planation which 
preceded the marine phase, it is probable that shallow water prevailed over 
extensive areas not only near shore lines but at a distance away from 
them. The mechanical sediments derived from the land would form' a 
relatively narrow fringe around the coasts, leaving the water beyond free 
from muddy material, and therefore suitable for the existence of calcareous 
organisms. Also, the floor of a shallow sea of this nature would be easily 
affected by earth movements of small amount, while coast-lines would be 
liable to considerable changes of position; it is therefore to be expected 
that variations in the character and distribution of the sediments would be 
numerous. Such is indeed found to be the case, yet in spite of this it may 
be said that throughout the first part of the period the sea was gradually 
gaining on the land, while towards the end a reverse process set in; this 
culminated in the powerful earth movements which brought the marine 
period to a close. 

It will be convenient to consider the history of the earth’s surface during 
this period with reference to certain existing features, which may be divided 
broadly into the following: (i) the Pacific border; (2) the Mediterranean 
region; (3) the Southern Continents; (4) the Atlantic borders; and ($) 
the Arctic regions. 

The Pacific Border. — There is reason to suppose that the Pacific 
Ocean has been in existence from a very early period, but its margins 
have from time to time undergone many important changes both in posi- 
tion and extent During the greater part of the third marine period most 
voL. 1. 22 
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of the mo(iem coast-line was under the sea, and only came into existence 
with the extensive earth movements which followed the marine phase. 
From the western coast of the two Americas round the Aleutian Islands, 
Japan, and New Zealand the series of marine Mesozoic sediments up to 
the Cretaceous is almost everywhere complete. The uniformity of con- 
ditions which prevailed over such an enormous area is one of the most 
remarkable facts in the geological history of the earth. 

The Mediterranean Region. — ^This term is here used in a much 
wider sense than at the present day, for it includes a belt extending nearly 
parallel to the Equator from the Pacific border in eastern Asia till it meets 
that border again in central America. To avoid confusion with the modern 
feature it may be called the Central Sea of the Mesozoic period, or, more 
shortly, the CENTRAL Sea. From the interior of Asia Minor through 
the south of Europe and North Africa the Mesozoic deposits show evidence 
of having been laid down in an open sea, being mainly composed of massive 
beds of limestone built up from the remains of calcareous organisms. 
Again, in the Antilles, between North and South America, similar strata 
occur. It is probable also that much of the existing Himalayan region, 
in which limestones also play an important part, may be assigned to 
the same central ocean, though its connection with that extending across 
southern Europe has not yet been worked out. One may anticipate a 
little to point out that it was just where the Mesozoic Mediterranean or 
Central Sea existed that the mountain- forming movements succeeding 
the marine phase reached their maximum intensity, and therefore the 
site of that ancient ocean is largely occupied at the present day, not by 
an open sea, but by the highest mountain ranges on the surface of the 
earth. 

The Southern Continents.— -What has been denominated the 
great land area of the Southern Hemisphere in Mesozoic times formed 
one of the most interesting and characteristic features of the period. 
We have seen that during the continental period glacial conditions pre- 
vailed over a great part of the southern regions, and we have also seen 
reason to suppose that a certain amount of . land connection existed 
between the now-isolated continents of India, Australia, South Africa, and 
possibly also South America. That these regions remained above the 
sea in Triassic and Jurassic times is indicated by the absence of marine 
sediments of those ages, the deposits being mainly composed of sand- 
stones and shales with remains of land plants, land animals, and fresh- 
water fishes. They lie on old crystalline rocks and on the eroded edges 
of folded and metamorphic Palaeozoic strata, and are often associated 
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with, or covered by, enormous sheets of lava (basalts), which in some 
cases form the surface of the country for hundreds of square miles. 

India. — On the Indian peninsula plant-bearing sandstones and shales, 
locally containing important coal seams and known as the GONDWANA 
GROUP, cover large areas of the high central regions. They succeed the 
boulder beds of the Permo-Carboniferous glacial epoch, and probably corre- 
spond to the Permian and early Jurassic, as is indicated by their plant 
remains. After their formation powerful faulting occurred, whereby large 
blocks of them were sunk in troughs of the Palaeozoic and metamorphic 
rocks. To this fact they owe their preservation from denudation on the 
elevated plateau of central India. The later Gondwana beds were 
deposited in part during that movement, but mainly after the close of 
it, and their distribution therefore does not coincide with that of the 
lower beds. 

As a result of the movement the Indian continent seems to have 
attained approximately its present form, for much of the region near the 
modern coast-line was depressed almost to sea-level, and the upper Gond- 
wana beds were deposited on the depressed areas as well as on the higher 
plateau. Towards the end of the Gondwana period slow subsidence was 
in progress, for the uppermost deposits, though mainly plant-bearing, are 
interbedded with others containing marine fossils, which indicate an early 
Cretaceous age. At the commencement of the Cretaceous period, therefore, 
the sea covered a strip of the Indian continent which lay somewhat within 
the present coast-line, but it never penetrated to the interior, for the upper 
Gondwana deposits of the central plateau have in them no trace of marine 
organisms. 

South Africa. — The history of South Africa during the same period 
bears a close resemblance to that of the Indian peninsula. The Karoo 
beds, with their remains of land plants and reptiles, correspond to the 
Gondwana series both in age and physical characters, and like them 
they succeed boulder beds of glacial origin (the Dwyka conglomerate). 
They are thousands of feet in thickness, and wherever they occur lie in 
horizontal sheets on the eroded edges of folded Palaeozoic and older rocks. 
No trace of marine organisms has been discovered in them, but their plant 
remains indicate that they were deposited during the Permian and Triassic 
periods. Their upper part is frequently coal-bearing. As in India so in 
Africa the period of deposition was followed by extensive earth movement, 
whereby a strip of land neau: the present coaist was depressed far below the 
level of the interior, and in places was covered by the sea, so that marine 
deposits were formed. These strongly resemble those of India referred to 
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above, and like them indicate an early Cretaceous age. Hence much of the 
dislocation to which South Africa owes its present form occurred towards 
the end of the Jurassic period, and the land connection which probably 
existed between South Africa and India would be severed by its operation. 

South America. — Less is known about the interior of South America 
than about the two regions already described. Unfossiliferous sandstones 
overlying Carboniferous and older rocks form extensive tablelands on both 
sides of the Amazon Valley. They were deposited under terrestrial con- 
ditions, and are probably of Triassic or early Jurassic age. The terrestrial 
period was succeeded by extensive depression, for in Cretaceous times 
the sea gained access to a great part of the interior, though much of 
central and eastern South America probably remained above the sea 
throughout the Secondary period. 

Australia. — Similarly in the interior of Australia the metamorphic 
and gneissic rocks are followed by Palaeozoic marine sediments, and all 
are folded. After the Carboniferous deposits there is a great gap in the 
succession, and no marine deposits are known of earlier date than the 
middle Jurassic. The Great Desert is covered by an extensive cover 
of sandstone of aerial formation, but as no fossils have ever been found 
therein its age is unknown. It is probable, however, that much of the 
Australian continent was a land area during the early part of the Secondary 
period, but the marginal portions gradually sank beneath the sea before its 
close. 

The Atlantic Border. — This term is used in a very wide sense, 
inasmuch as it includes much of north-west Europe north of the Central 
Sea, as well as eastern North America. The sediments are of the same 
general types throughout, indicating that the conditions under which they 
were deposited were in the main similar over the whole of this enormous 
area. They are well developed in England, and on account of the abun- 
dance of fossils which they contain early attracted attention. It was 
indeed from a study of these rocks that the great principle which under- 
lies all the reasoning of stratigraphical geolt^y was first discovered and 
clearly enunciated by William Smith in the early part of the nineteenth 
century. In England these rocks are comparatively undisturbed, and 
the order in which the different rock types follow one another can be 
readily made out. Furthermore, organic remains are abundant and in 
general well preserved. When the discovery was made that over wide 
areas certain kinds of fossils were restricted to certain kinds of rocks, 
and were not found in those which occurred above or below, the great 
principle that “strata are identifiable by their included oiganisms ” followed 
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of necessity. England, therefone, has played an important part in con- 
tributing to our knowledge of the history of the period; this is shown, 
also, by the way in which the English names given to the various rock 
types have been adopted almost universally. 

The gradual subsidence of north-west Europe at the close of the third 
continental period allowed the ocean to extend its margins, and marine 
sediments were deposited above those of a continental type. The initial 
shallow-water phase was a protracted one, and was followed by a compar- 
atively deep-water phase, and this again by a final shallow- water phase 
of short duration, when the land rose somewhat abruptly, foreshadowing, 
as it were, the great earth movements at the close of the marine period. 

Along the Atlantic border the marine shallow-water phase commenced 
in the early Jurassic and persisted into Cretaceous times; the deep-water 
phase is represented by the later Cretaceous rocks, while the final shallow- 
water phase occurred at the beginning of the Tertiary. As might be 
expected, however, marine conditions did not commence everywhere at 
the same time, and accordingly we find that the earliest Jurassic rocks 
are absent over wide areas. Further, the subsidence did not proceed 
uniformly but by oscillations, for after some of the early Jurassic strata 
had been deposited a marked submergence occurred affecting large tracts 
in north-west Europe. This continued with slight oscillations until nearly 
the close of the Jurassic; a reverse process then set in; the land rose and 
the ocean margin steadily receded ; a climax was reached towards the end 
of the Jurassic and the early stage of the succeeding Cretaceous, when 
central and northern Europe was occupied by a series of l^oons and 
freshwater lakes in which the remains of land plants and freshwater 
shells were buried. Rapid evaporation caused the precipitation of gypsum 
and rock salt, and many of the sediments were coloured red by oxides 
of iron. 

Lagoon Conditions. — ^The conditions of these areas must therefore 
have been somewhat similar to those under which the Triassic sediments 
were deposited. One of the lagoons extended across the south-east of 
England towards Boulogne; another occupied a large part of Hanover 
in north Germany; while others are known to have existed in the west 
of France and in parts of Spain and Portugal. At the time of maximum 
emergence it is probable that eeistem Europe was severed from western 
Europe. Coinciding with the emergence of land in Europe there was 
a submergence in northern Asia, and probably also in India and South 
Africa. It has been maintained that those events were interdependent^ 
and to a certun extent this seems to have been the case. 
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Great Submergence. — It is obvious that during the Mesozoic era 
the crust of the earth was by no means at rest, but undergoing constant 
small alterations in form which were reflected in changes of the land and 
sea margins, but the oscillations already described were only the fore- 
runners of the enormous submergence which occurred towards the middle 
of the Cretaceous period. The greater part of eastern Europe was then 
covered by the sea, which extended across the southern half of Russia 
and central Asia to the Pacific coast, while the highlands of Archaean 
and Palaeozoic rocks scattered about central Europe throughout Triaissic 
and Jurassic times — ^remnants of the Armorican chaun previously described 
— were for the most part submerged. 

Nature of Deposits. — The higher Cretaceous deposits bear the 
stamp of faurly deep-water conditions over most of the area, and the abun- 
dance of calcareous matter indicates that the sea wais poorly supplied 
with sandy and muddy sediments, probably by reason of the low relief 
of the land that remained unsubmetged. In central and western Europe 
they take the form of a loose friable calcareous rock known as chalk. 
On the opposite side of the Atlantic the sea spread across central and 
western North America from the Gulf of Mexico through Texas and the 
western States, probably reaching northwards nearly as far as the Arctic 
Sea. As in Europe, many regions were submerged which had been above 
the level of the sea for a long interval. 

Extension of Central Sea. — ^The Central Sea of the Mesozoic 
maintained its sway throughout the oscillations which affected more 
northerly regions, but during the Cretaceous submergence its margins 
were greatly extended over North Africa, Arabia, and Syria, and the 
whole of the region around the Aral and Caspian Seas, and even reached 
in that direction to the east side of the Indian peninsula. The deposits 
consist of hard, well -compacted lim^tones quite distinct from the soft 
friable chalk of central Europe, and point to accumulation in somewhat 
deeper waters. 

A great part of South America was submeiged, while Cretaceous 
sediments on the coasts of South Africa, India, and Australia indicate 
that the sea penetrated farther inland than it does at the present day, 
though the central portions of the three continents remained well above 
the waters throughout the phase of greatest submergence. 

Land and Sea in Middle Cretaceous. — From the forcing 
accounts it would appear that the relative proportion of land to sea 
during the middle Cretaceous must have been considerably less than 
at the present day, since part of all the southern continents as we now 
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know them have reappeared since that time, and only north-west Europe 
and northern and eastern Asia and the north-east portions of North 
America remained in the Northern Hemisphere (see plate). Vast land 
areas which were in existence at that period may, however, have been 
subseqi^ently submerged. 

Lost Lands. — It is probable, for instancy that much, of the Noith 
Atlantic was diy land — the remnants of Atlantis,r-«nd dmtt eactnn^^ 
land areas, though probably no actual connection, existed between 
Africa on the west and the Indian peninsula on the east — ^the remains 
of Gondwana-land. To the same series of events which brought about 
the final collapse and submetgfence of those portions of the earth’s crust 
may perhaps be attributed the great recession of the sea at the close of 
Cretaceous times, which was followed by mountain-building movements 
on a large scale, in some respects the most powerful and most extensive 
that have affected the earth’s crust since the beginning of sedimentation. 

Climatic Conditions in the Mesozoic. — In the physical geo- 
graphy of a given period climatic conditions play an important part It 
is a matter of difficulty to indicate them with certainty for comparatively 
recent epochs, but the difficulties increase rapidly with the remoteness of 
the period. The evidence relied on is necessarily of an indirect nature, 
and is usually based on a comparison of the distribution of the forms 
of life in the past with that of allied living organisms. 

It has been claimed that the Jurassic fauna points to the existence 
of four distinct climatic zones somewhat similar to those of the present 
day and running nearly parallel to them. The equatorial zone coincided 
approximately with the Central Sea, the north and south temperate 
zones lying respectively to the north and south of it, while a boreal 
zone included the region around the North Pole, extending as far as 
the northern extremities of Europe, Asia, and America. The corre- 
sponding austral zone, if it existed, should be around the South Pole, 
but too little is known of those lands to draw any conclusions in regard to 
them. It is a striking fact that the fauna of the supposed south temperate 
zone differed widely from that of the equatorial belt, but presented strong 
affinities to that of the north temperate zone; while the absence of reef- 
building corals in the boreal r^ons, and their abundance in more southerly 
latitudes, afford additional evidence that the distribution of the oi^anisms 
was dependent on temperature, for at the present day reef-corals require 
for their prosperity the high temperature of tropical or subtropical seas. 

Volcanic Activity. — In India eruptions on an extensive scale took 
place during the uppermost Cretaceous.' The Deccan traps are flows of 
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basic rocks which were poured out over the surface of the land probably 
from numerous fissures. They reach the enormous thickness of nearly 
6000 ft., and are estimated to cover an area of about 200,000 sq. miles. 
The thick flows of basic rocks among the Karoo sandstones of South 
Africa are probably of Jurassic age, while eruptions of great magnitude 
characterize the later stage of the Cretaceous in western North America. 
In all those r^ons considerable displacements of the earth’s crust took 
place towards the middle or at the close of the Secondary period, and 
it is not improbable that the manifestations of volcanic activity were 
cmmected directly or indirectly vrith the movonents. 


CHAPTER X 

FOURTH CONTINENTAL PERIOD (TERTIARY)— 
EARTH MOVEMENTS, DEPOSITS 

EARTH MOVEMENTS 

Q^ose of Third Marine Period. — ^We have now reached the closing 
stage of the great third marine period, when the margins of the extensive 
oceans began to recede, laying bare new land areas, and the deep waters 
were replaced by shallow seas. Enormous changes in the physical 
gec^^phy took place in a comparatively short time, geologically 
speaking. The contraction of the seas b^an to make itself felt before 
the last of the chalk had been deposited, while over wide areas the 
upper beds of the chalk were uplifted and exposed to denudation before 
the Tertiary period. That movement, together . with minor ones which 
followed it, were, however, only the precursors of the more powerful 
and widespread disturbances of the earth’s crust in Middle Tertiary 
(Miocene) times, which brought into being the' most important features 
of the surface of the globe as we know it at the present day — the surface 
model, as it were, on which subsequent events have only eflected modi* 
fications in details (see plate). In order more clearly to follow those 
changes, it will be convenient to consider their efiects on certain pre- 
existing features, one of the most striking of which was the Central Sea. 

Shrinking of Central Sea.— With the general recession of that 
sea new land appeared around its maigin, while ranges of mountains 
began to rise within its boundaries, thereby greatly reducing its extent 
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The modem Mediterranean, the Caribbean Sea, and tl^ 
or nearly-isolated basins of the Aral, the Caspian, and the Bburk, 
are all that remain of that great Central Ocean of the Secondary , perM» 
It is probable, however, that portions of the Atlantic came into existe^^^ 
aa the result of extensive subsidence of land which once bordered;. tl^ ; 
ocean. The region to the north of the Central Sea received an elevadbii 

ptasse as well as a tilt to the north or north-west, whereby much new 
land appeared in central Europe, Asia, and North America, but regions 
nearer the pole were submerged. The mountain - building movement; 
gradually died away to the northwards, but its effects are seen in the 
south of England. 

Evolution of Mediterranean. — The evolution of die modem 
Mediterranean basin from the Mesozoic Central Sea is intimately con- 
nected with the birth and growth of the Alpine chain from the Apen- 
nines in Italy to the Carpathians and Caucasus. It will be remembered 
that during its greatest extension that sea occupied southern Europe^ 
and southern and central Asia as far as the Pacific Ocean, but that 
subsequently its dimensions were much reduced; the connection with 
India was cut off, while the crests of the Apennines, Alps, and Car- 
pathians appeared as islands within it At that stage it reached on the 
east to the north of Persia and the source of the Euphrates; on the 
west there was a communication with the Atlantic Ocean across Morocco 
and the south of Spain. . 

A period of elevation then followed, when the deposits previously 
formed round the margins of the embryo Alpine chain were uplifted 
and folded, and, in consequence, exposed to denudation. During the 
succeeding quiescent stage the sea encroached on its margins, due in 
part to the large quantity of sediment carried in from the new-formed 
land which was undergoing destruction, and in part to slow subsidence. 
The lower Rhone valley was occupied by an arm of the sea which pene- 
trated along the northern margin of the Alps and Carpathians,, and 
spread far over the south Russian plain to the Caspian and Aral basins, 
at the^same time covering a large part of Austria-Hungary. The eastern 
limits were sensibly the same as in the previous stage, but the only com- 
munication with the Atlantic was along the Guadalquivir valley in the 
south of Spain. In the narrow northern arm, severed, as it was, almost 
completely from the larger southern body of 'water, rapid evaporation 
caused the precipitation of rock salt, which is iiow extensively worked 
near Cracow and in Transylvania, while reservoirs of petroleum and beds 
of mineral wax fozokerite) are contained among the tenacious clays. 
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to a close by a gteat reoe^on^ when the’ 
vall^ of the Danube, the south of Russia, and the Ara]i>Casi»an; 
area iVere .lost to the Mediterranean, which was confined to a small tract 
lying wholly to the west of Sardinia and Cornea, and the deposits of 
the previous stage in the Rhone valley and Hungaiy suffered vigorous 
erosion. This is therefore the most important episode in the complicated 
his^ay of that interesting r^on, and appears to coincide with the greatest- 
period of elevation of the Alpine chain. Subsequent changes were in 
the direction of a general subsidence of the whole region, while local 
depression gave rise to the Adriatic and iEgean seas, and established 
a connection once more with the Black Sea, which had been temporarily 
lost. 

Thus by a succession of uplifts and subsidences the Mediterranean was 
evolved from the great Central Sea, which had been in existence since 
the Triassic period. Each uplift added to the importance of the Alpine 
range, the formation of which was the proximate cause of the unrest in 
the region; while at each step the boundary of the range pressed towards 
the low plain or sea-covered area which lay to the north, clearly indicating 
that the forces which elevated the mighty chain acted upwards from 
the centre of the earth as well as horizontally in a general northerly 
direction. 

. The events which took place on the south' side of the Himalayas 
have already been referred to on p. 105 et seq. There it was shown that 
.the margin of the chain advanced southwards by d^p'ees, and encroached 
bn the tract now occupied by the Indo-Gangetic plain; the movement, 
though in opposite directions in the two chains, was otherwise very 
similar. The magnitude of the final upheaval may be realized from 
the fact that marine fossils of early Tertiary (Eocene) date have been 
found at elevations of 10^000 ft in the Alps, i6,cxto ft in the Himalayas, 
and more than 20,060 ft in Tibet 

Caribbean Region. — The history of the Mediterranean r^on in 
Middle Tertiary times was repeated on the opposite side of the Atlantic 
at the western extremis of the Central Sea. The Caribbean r^on of 
to>day is closely analogous in its geological history with the Mediterranean, 
for it has suffered episodes of mountain-forming movement and recession 
and advance of the sea, in the same manner and at approximately the same 
times. The chain of the Antilles, and another across the north of Venezuela, 
correspond to the Alps and Apennines, and the Gulf of Mexico, which 
lies in front of the folded range, to the low tract bordering the Alpine 
chain on the north. The difference between the refglons lies only in the 




he shaded area indicates the chief regions affected. The deeper shading shows where the movement was most intense. Axes of special uplift 
lown by thick lines. (Mainly after Suess.) Note the festoon-like character of many of the chains, especially those around the Pacific Ocean. 
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actual elevation which the two have suffered. The Alps and Caipathians 
form a continuous belt, while the ,A>^^Uean chain is ‘interrupted, and 
exists only as a series of islands. A greater uplift of the r^on would . 
unite the scattered islands and raise the Gulf of Mexico above the level 
of the sea, when the correspondence with the south of Europe would be 
complete. The resemblance between the two r^ons is not, however, 
mere anal(^, for it goes farther. The chalk deposits of the Caribbean 
region are identical in ph3rsical character and in organic remains with 
those of far-distant southern Europe, while they differ widely from those 
of closely adjoining districts along the Pacific border — a condition of 
affairs which was maintained throughout various stages of the Tertiary 



Fig. 39. —Sketch Map of the Alpine Chain and the Jura Mountains, showing their relation to Ae rigid 
Armorican masses lying in front of them 

period. Further remarkable similarities will appear when we consider 
the distribution of volcanic activity wd earthquakes on the surface of 
the* earth. 

Course of Alpine Uplift. — That the Alpine uplift pursues an 
extremely complicated course across southern Europe will be seen from a 
glance at the accompanying plate. Used in its widest sense, the following 
ranges must be understood as comprised within the term: the Pytenees, 
dividing France from Spain; the Cordill^as, in the south of Spain; the 
Atlas and Algerian mountains, which range across North Africa; the 
Apennines; the Italian, French, and Swiss Alps; the Carpathians; the. 
Balkans; and the Caucasus; tc^ther with several minor ranges whidi' 
bound the Adriatic Sea on the north-east, and extend throi^h Crete 
and Cyprus into Armenia. 

The northern chain may be divided into two parts convex toward 
central Europe, viz. the Alps and the Carpathians, separated by a marl^^ 
concave portion at their junction (fig. 39). ' These peculiarities 
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l&i&niiyGe retattoti to the ^It^gkal amltitai^ of ihe?Ji^|fon i^ 
rant‘c^ the diain. To the north of the great hntj^ oTthe Carpathians 
lies the vast Russian plain — a tract characterized great simplici^ of 
structure, inasmuch as it has escaped all the great earth movements 
which have at various times affected other portibns of the crust, and the 
sedimentaiy rocks have therefore not been disturbed and rendered rigid 
to the same extent. As the Carpathians continued to grow in height, 
their margins pressed towards the low-lying r^on, and as no rigid 
obstacle impeded their advance th^ swept forward in that direction, 
involving more and more of the plain in their prog^ress, until the forces 
of uplift were expended and the movement ceased. 

Bohemian Mass.— Now directly in front of the concave portion, 
between the Carpathians and the Alps, lies what may be called the 
Bohemian mass, the complicated geological history of which is reflected 
in the variety and rigidity of its rocks. It is, in fact, one of the stumps 
of the great Armorican chain which occupied central Europe at the 
close of Carboniferous times. Its rigidity acted as an effective obstacle 
to the forward movement of the Alpine margin in that direction. 

Conformation of Jura Mountains.— To the west of the Bohemian 
mass lie other relics of the Armorican mountains. Their influence on 
the growth of the Alpine range is nowhere more clearly shown than in 
the folded Jura Mountains, which lie to the north — forerunners, as it were 
— of the main chain. Their front margin is curved or bulged towards 
the north, in the direction of movement of the main chain, as if the 
central portions moved freely forward while the ends were held back. 
The reason for this curious arrangement is not far to seek. On the east 
lie fragments of the rigid Armorican chain now represented at the surface 
by the Vosges and the Schwarzwald, but which are probably connected 
at no great depth with one another as well as with the laigw Bohemian 
mass. On the west is the Central Plateau of France, a region which 
has much the same history as the other masses. Between them lies 
the Jura region, with a very different history. When the Armorican 
chain had there sunk to great depths, and been covered over by a great 
thickness of sediment prior to the date of thb Alpine movement, the 
forces of upheaval picked out, as it were, the weak spot in the rigid 
barrier opposing the advance of the chain, and the movement spread 
in that direction, reaching farthest at the centre, while the margins were 
jammed against the rigid masses on each side. A similar state of affairs 
may be observed at the western end of the Alps, where the margin of 



FOURTH continental PERIOD 

that diait^ 

suddenly balgea fimnl In a'pwmooftced 

It appears, tiierefor^ that the forces whidi davat^ ^ 
Carpathians were directed from the sooth, which caused diose dudni 'tiu 
override the r^on lying to the north, exc^t where rigid harriers 
imposed restrictions on the movement; but this rule does not hold good 
for the whole of the Alpine uplift, for in the formation of the Pyrenees 
and the north African range the folding forces were directed towards 
the south. On the east the Alpine chain is connected with the Asiatic 
uplift, wherein the elevatory forces were directed also from north to south. 
The transition from this direction to that obtaining along the north of 
the Carpathians seems to take place in the Caucasus range, which exhibits 
extremely complicated structures, resulting apparently from torsion or 
twisting of the strata. 

Asiatic Uplift. — The southern margin of the Asiatic uplift extends 
in a general easterly direction in gigantic curves convex towards the south, 
which on a map suggest a series of festoons (see plate)i The most 
westerly of these is a short one, which runs across Asiatic Turkey to the 
confines of Persia; there it meets at an angle another range, which runs 
through Persia along the north side of the Gulf, and after skirting the 
Arabian Sea turns abruptly northwards parallel to the River Indus, which 
it follows as far as the Peshawur district Along the line of that valley 
it joins the Himalayan range at a very acute angle. The south maigin 
of the Himalayas exhibits the festoon -like curve in a striking manner; 
on the east, where the chain is breached by the Brahmaputra, it is met 
by the Burman and Malay ranges, which no longer preserve the easterly 
trend of the others, but for a great part of their course follow a meridional 
or north-and-south direction. They are, moreover, less clearly defined 
in their course among the scattered islands on the borders of the Pacific 
and Indian Oceans. 

An explanation of this peculiar alternation of sweeping curves convex 
towards the south, with sharp re-entrant angles or bays, is st^gested 
by the structure and mode of growth of the ranges. It is found that 
their southern margins have everywhere encroached on the r^ion which 
lies to the south, viz. the Persian Gulf, the Arabian Sea, continental 
India, and the Bay of Bengal; and as the movement proceeded not 
from one but from several centres, it follows that several chains were 
in process of formation at the same time, all having the same tendency 
to encroach on the forelyii^ r^on. This resulted in what may be 
crudely described as jamming — in other words, the separate chains at 
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portioili, removed from the jammii^ infiuoibi^ ^»wept;frMrwarda Until the^ 
dhains assumed their present peculiar form. 

It is a striking coincidence that both the Indus and the Brahmaputra, 
which originate to the north of the main Himala}ran range, after skirting 
the chain for hundreds of miles in their attempt to force a passage, finally 
succeed each at opposite ends, where the pr(^[ress of the elevation was 
checked. There are strong reasons for believing that those rivers were 
in existence before the uplift b^an, and that they flowed in a southward 
direction. The elevation of the chain across their course forced them 
into a new channel parallel to the uplift, and as the growth at the ends 
of the chain was probably slower than in the middle, the sea persisted 
there for a longer period. The barred rivers therefore found an outlet 
into the sea at those places, and moreover, they succeeded in maintaining 
their channels open by corrasion during the succeeding stipes of the 
elevation. 

The interior of Asia seems to have suffered elevation en masse to 
form the Tibetan plateau and the great desert areas, as well as special 
uplift along certain lines, of which the Hindu Kush, the Kuen Lun, and 
Tian Shan mountain ranges are the most important results. On the east 
the movements blend with those which took place at about the same time 
along the Pacific maigin. 

Pacific Border. — In an earlier' chapter it was stated that in the 
Secondary period nearly the whole mai^n of- the modem Pacific Ocean 
was under the sea. The change to present conditions occurred during 
that great phase of earth movement of middle Tertiary times, when the 
sea floor was elevated to form gigantic ranges like the Andes of South 
America, and in great part the Rocky Mountain and coastal chains of 
North America. As a result of the elevation the Pacific became ringed 
by an almost complete girdle of mountain ranges (see plate), many of 
which exhibit the festoon-like arrangement characteristic of the Asiatic 
chains. The Aleutian Islands, Kamchatka and the Kuriles, Japan, the 
Philippines, and New Zealand may be noted as striking examples. 

North France and South England.— Little, need be said of 
the effects of the Alpine movement in central Europe, as only feeble 
indications of it have been observed there. The Tertiary beds of the 
Paris Basin are traversed ty axes of uplift, which ar^ however, of little 
consequence. Two of these penetrating into the south of England gave 
rise to the Wealden arch, which has been previously referred to; a third, 



to ttw nortb, indicaiting that tlie {M^BSure came Skhs; tbo 
Isle of W^ht is traversed from end to end fay a bdt of verdci 
turned strata, which represents a part of the steep Ihnb of the fr>ld. iThe : 
outline of the island is due to the vertical ridge of chalk, adiich is bounded 
on each side softer strata. The chalk has resisted the ravages of ^e 
weather and the waves, and stands out boldly at each end, while ftie 
adjacent beds have been denuded away, the wear being greater as the 
distance from the protecting chalk ridge increases, thus givii^ rise to 
the lozenge shape characteristic of the island. 

As has been explained in a previous chapter, the Weald drainage 
system is a direct consequence of the Tertiary elevation. This intimate 
connection between the drain:^ and the folding of the strata is noticeable 
in the south of England wherever, the effects of* the movement made them- 
selves felt. The watersheds follow the more important axes of uplift, and 
the main streams flow into the synclinal troughs on each side. 

This leads one to enquire how far this relation holds in other r^ions 
where that movement was felt 

The intricate DRAINAGE SYSTEM OF Europe is the result of the 
many complicated changes which have at various times affected the 
region. Many of the main lines must have been in existence before 
the Alpine movement b^^ to operate, and therefore the chief rivers 
flowed into the important marine areas of Cretaceous and early Tertiary 
times; when new land arose in and around those seas as a result of 
the later movements, new systems of drains^ were started, and many 
of those already in existence were modified. It will be noticed on any 
map that the main watershed of central and eastern Europe follows a 
course approximately parallel to and at some distance to the north of 
the Alpine chain as far as the Carpathians, whence it swings in a north- 
easterly direction across Russia to the Ural Mountains. The most 
important rivers flow into one of three areas: the Arctic Ocean, the Baltic- 
North-Sea r^on, and the Mediterranean basin, including the Black Sea 
and the Caspian. 

It will be observed also that the greatest number of rivms, and by 
far the most important, flow into the latter basin, where, it will be 
remembered, an important ocean had existed from the banning of the 
Secondary period, if not prior to that In the Baltic-North-Sea area 
the chalk and Tertiaiy depoisits of France, North Germany, and England 
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were laid down; while there is evidence that the part of the Arctic 
Ocean which receives the remainder of the drainage was submei^[ed at 
the close of the Cretaceous period. 

It is probable that the main watersheds were determined by unequal 
emergence or slight tilting of 'the sea floor during the general elevation 
of Europe which slightly preceded the mountain-building movements. 
The reason why the Danube crosses the chain in two places may therefore 
be that it flowed towards the south before the elevation b^^, and that 
it kept its course open in spite of it Smaller rivers, and even the 
tributaries of the larger ones, show a close connection with the directions 
of the axes of uplift, as, for example, the upper Rhone and the tributaries 
of the Saone in the Jura Mountains; while the Italian rivers are strictly 
consequent on the uplifl; of the western Alps and the Apennines. 

Drainage System of North America. — In North America the 
convergence of the lines of drainage towards the region last vacated by 
the sea in Tertiaiy times is remarkable, for the rivers draining nearly a 
third of the continent pour their waters into the Gulf of Mexico, which 
is to North America what the Mediterranean basin is to Europe. In 
the western territories, and along the Californian coast, the positions and 
directions of the divides and watercourses have been determined by the 
middle Tertiaiy movements. 

Drainage System of South America.— In South America, as the 
eastern slopes 'emerged slowly from under the Cretaceous and Tertiary 
seas the rivers increased in length as the elevation proceeded; while 
the Tertiary movements, which elevated the whole Andean chain at the 
same time flxed the main watershed of the country close to the Pacific 
border. The result is seen in the strangely unsymmetrical distribution 
of the drainage, of which the Pacific Ocean only receives a minute fraction, 
while the Atlantic monopolizes the rest. 

Mountain Building. — Mountain ranges such as the Alps, the 
Andes, or the Himalayas, have been shown to be the result of gfreat 
compression in the crust of the earth, whereby the strata which occupied 
a certain area were crowded into a smaller space by violent buckling. 
Mention has been made of movements of another type which have at 
various times affected parts of the earth’s surface,- and are due to tension 
in the crust; which causes the strata to tear apart, and large areas are 
depressed relatively to their surroundings. It can be proved that by 
so doing the strata occupy more space after the movement than before, 
and thus the tension is relieved. Chains of mountains do not arise from 
displacements of this kind; the cracks or faults along which the strata 



FOURTH CONTINENTAL PERIOD 185 

give way tend to form an irregular network, somewhat like those which 
develop in drying mud, and the surface is broken up into many-sided 
blocks, often of great size, which are depressed and tilted to varying 
amounts. A fair idea of the effect of such a movement can be got by 
observing the way in which a sheet of ice breaks up when the water 
which supports it is removed. Displacements of this kind often attend 
the later phases of mountain-building; the elevatory forces appear, as 
it were, to overreach themselves, and to set up a tension in the crust, 
which must be relieved by normal faulting; but they occur also inde- 
pendently of movements of compression, for during the Tertiary period 
large tracts of land in the north Atlantic region suffered subsidence, and 
it is probable, indeed, that that part of the ocean came into existence in 
this way. 

Depression by Faulting. — The Alpine elevation was followed by 
extensive depression, whereby parts of the Mediterranean basin were 
deepened and its matgins were extended; the Adriatic Sea came into 
existence as the result of a series of step faults lowering the central 
portions relatively to its borders. In Transylvania the subsidence, 
although great, was not sufficient to reduce that area below the level 
of the sea. 

Similar depressions followed the folding of the western territories of 
North America. The Great Basin and Salt Lake regions are traversed 
by powerful faults, which have broken up the surface into enormous 
blocks tilted in various directions. As denudation in these arid regions 
is not so rapid as in temperate climes, the course of the displacements 
are still marked by lines of cliffs which bring the structure of the area and 
the nature of the movements vividly before the observer. In some cases 
the faults are accompanied by flexures, produced by the dragging down 
of the edges of a stationary block by the surrounding depressed portions. 

The broken nature of the girdle of mountain chains surrounding the 
Pacific in its course through eastern Asia and Malaysia has been attributed 
to subsidences following the elevation of the chains. 

Volcanic Activity. — It will be remembered that the disturbances 
of the earth’s crust which caused the second and third continental periods 
were accompanied or followed by volcanic activity. The fourth and latest 
movement offers no exception, for the course of the elevation is every- 
where marked by lines of volcanoes, many of which have been long extinct, 
and their great conical accumulations are being denuded away, but others 
are still active, and continually adding to their height by fresh outpourings 
of lava, ash, or volcanic mud. On referring to the accompzmying plate it will 
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be seen that, with vety *few exceptions, all the most important volcanic 
centres at the present day are confined to two well-marked belts — ^the 
first surrounding the Pacific Ocean with an almost complete girdle, while 
the second extends nearly halfway round the earth from central America 
.to the Malay Archipelago, and meets at both ends the Pacific girdle. 

It is useless to mention the individual cones which are still active, for 
their number is very great, but attention may be called to the fact that 
their distribution coincides everywhere with the r^on affected by the 
Tertiary mountain-building movements. They are specially prone to 
occur in those tracts which have suffered subsequent depression by normal 
faulting. This seems but natural, for the pent-up magma reaches the 
surface by the easiest passages, and these must occur more frequently 
in those regions which have been recently fissured and displaced than 
in relatively stable areas. It has been supposed, too, that reservoirs of 
molten rock must be produced by movements of elevation; for it is 
claimed that the intense pressures which normally prevail at a depth 
suffice to keep the materials in a solid or pasty state in spite of the 
temperature, but that when the pressure is relieved, by the formation 
of mountains the pasty material becomes fluid, and forces a passage 
upwards along lines of weakness. This view is coloured too much by 
notions of the possible constitution of the interior of the earth — about 
which so little is known — to be r^arded as more than a suggestion. 

It will be seen from the map that some important volcanic areas lie 
outside the two belts already described. One of these — Iceland — lies in 
the north Atlantic; others are in the south Atlantic, between Africa and 
South America; and another in the Indian Ocean near Madagascar; 
while others occupy some of the* islands in the centre of the Pacific. 
With regard to those in the Atlantic and Indian Oceans, it may be 
mentioned that both those r^ions have probably increased in size com- 
paratively recently by extensive subsiding movements, and the connection 
which appears to exist between the distribution of volcanic activity and 
earth movements may therefore still hold good in those ca ses . 

In addition to cone accumulations, there were eruptions of basic lavas 
which gave rise to an extensive plateau. Remnants of it are now 
found in the north-east of Ireland and on some of the western isles of 
Scotlwd, and probably also on Iceland and Greenland. The eruptions 
seem to have been from numerous fissures following faults or other 
planes of weakness, for the r^ion around the present margin of the 
plateau is traversed by innumerable dykes of basic rock such as might 
have fed the eruptions, and it is only natural to conclude that similar 
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dykes exist concealed beneath the flows. How far the plateau extended 
it is impossible to tell. It is probable that some part of Atlantis still 
persisted in the north Atlantic during the period of eruption. The 
scattered remnants of the plateau now preserved have escaped denuda- 
tion by faulting, which, however, was not sufficient to submerge tliem. 

TERTIARY DEPOSITS 

Pliocene. — ^The Miocene elevation shifted the areas of sedimentation 
into the modem seas, and therefore subsequent marine deposits are scanty 
and of scattered occurrence on the present land. Such deposits as are 
accessible are mainly found bordering the great mountain ranges, and 
have been exposed as a result of the continuance of the uplift which raised 
the mountains. Marine Pliocene strata are known from various districts 
in Italy; they are of shallow-water types, indicating a close proximity 
to a shore line, and their later stages pass up into fluviatile deposits 
resembling the Pliocene of other areas in Europe and elsewhere; also in 
south-eastern Europe, where they point to formation in an inland sea. 
Around the northern border of the Alps and various isolated areas in 
central Europe sands and gravels of fluviatile origin containing bones 
of mammals are the usual representatives of the Pliocene epoch, but the 
deposits of the south-east of Europe appear to have been formed in inland 
seas, and contain a mixture of marine and freshwater shells. 

In the east of England and Belgium there are estuarine and river 
deposits alternating with others which are probably marine. They are 
of Pliocene age, and are considered by some to have been formed along 
the estuary of a laige river forming the continuation of the modem Rhine, 
to which the Thames and various east-coast streams would be tributaries. 
Their chief interest lies in the evidence they afford of a gradual lowering 
of temperature during the period. The remains of plants and other 
organisms indicate that the earlier Pliocene beds were deposited under 
warmer climatic conditions than those of the present day, but the temper- 
ature seems to have fallen gradually, and in the later sediments occur the 
remains of plants and animals which now live in the extreme north of 
Europe. There is therefore an evident preparation for the climatic con- 
ditions which followed immediately on their deposition. A possible much 
greater extension of Pliocene deposits is indicated by isolated patches 
in the sopth-west of England and by the occurrence of Pliocene fossils 
in the glacial beds of Scotland, the latter having been derived, it is sup- 
posed, from deposits concealed under the sea. 
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In North America the chief area of sedimentation lay around the Gulf 
of Mexico and the Atlantic coast to the north. Isolated patches occur 
also in the southern and western States and along the Californian coast 
In some parts of these r^ons they are said to occur at a height of 4000 ft. 
above sea level. The Pliocene deposits near San Francisco are claimed 
to have a thickness of 1 3,00b ft., which, if true, is far in excess of anything 
known elsewhere. 

It appears from the altitudes at which Pliocene sediments are now 
found that the Miocene elevation had not expended its force until the 
succeeding epoch. This was specially the case in western North America, 
where great folding and faulting movements appear to have been in 
progress throt^hout As the Siwalik deposits fringing the Himalayas 
are in part at least of Pliocene age the same conclusion seems to be 
justified for that region (see p. 107). After the close of the Pliocene 
the surface of the land and the relative distribution of land and sea did 
not seriously differ from their present aspect 
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